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CHAPTER I

STRUCTURE _COMPOSITION, AND DYNAMICS OF THE RADIATION BELT

DURING AUGUST AND SEPTEMBER_ 1959

by

Alan Rosen



I. INTRODUCTION

Four radiation detectors, on the Explorer VI earth satellite were

used to determine the characteristics of particles trapped in the Van Allen

radiation belt. Some of the results obtained from these detectors during

the lifetime of the satellite (August 7 to October 6, 1959) have been

discussed in detail by Rosen and Farley 1'2, Farley and Rosen 3, Farley and

Sanders 4, Arnoldy, Hoffman and Winckler 5, and Fan, Meyer and Simpson 6.

The orientation of the Explorer VI orbit relative to the earth and

sun is shown in Figure 1 where ecliptic coordinates have been employed°

The _plorer V! orbit was h_ghly elliptic with an apogee of 48,800 km

(7-5 earth radii) and a perigee of 6620 km. The period of rotation was

12-3/4 hours. The plane of the orbit was inclined at an angle of 47 degrees

with respect to the geographic equatorial plane. The semimajor axis was

inclined downward below the equatorial plane at an angle of 25 degrees so

that the payload spent most of its period at southerly latitudes. With

respect to the earth-sun direction, apogee was located on the evening

side of the earth at approximately 2100 hours local time°

This orbit had the advantage of an extremely high apogee which

greatly exceeded those of previous earth satellites. This enabled meas-

urements to be made twice daily throughout most of the trapped radiation

region. In addition, particle and field measurements carried out at high

altitudes were in a region where a transition to interplanetary conditions

might be expected°

IIo THE STRUCTURE OF THE RADIATION ZONES

The radiation detectors on Explorer VI, consisting of a Geiger

counter, a proportional counter, an ionization chamber and scintillation

3
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counter were calibrated prior to installation in the payload in order to

determine their temperature response and energy response. In addition,

since the scintillation counter efficiency was high at energies greater

than 200 key, a saturation response curve was taken prior to launch.

Extensive calibration to determine the response of these four detectors

to monoenergetic electrons were made with a spare set of detectors when

installed in position in a spare payload. A composite plot of the

efficiencies of the four detectors as a function of energy has been given

by Arnoldy, Hoffman and Winckler (see JGR 67; 2595). The most noteworthy

characteristics of the instruments are summarized in the following table.

TABLE I

_io __o_f_fig_encies [Counts/Electron/cm 2) for the Four Detectors

As a Function of Energy

Energy Range

key Scint/GM Scint/Prop Prop/GM lon/GM

40 2000 20,000

50 - i00 500 2,600

i00 - 200 26 150

200 - 500 i00 i00

500 - i000 5000 500

i000 - 2000 1500 50

2O00 - 4000 5 25

i0 -I 2.5 x 10 -2

1.5 x i0 -I 2 x 10 -3

2.5 x I0 -I 5 x 10 -4

1.0 2.5 x 10 -4

8.3 2.5 x lO-4

-i
50 i0

2 x lO -I 5 x 10 -4

It should be noted that although bremsstrahlung from electrons

below about 200 key could not in theory produce counts in the scintillation



counte_ sufficiently high intensities of low-energy photons could cause pulse

pile-up above its threshold. The omnidirectional electron fluxes required to

produce the count rates observed in the outer zone on a quiet, prestorm day

were calculated from these measurements, and were as follows: at 40 kev,

l0 ll electrons/cm 2 sec; at 85 kev,l012 electrons/cm 2 sec; at 60 key, 6 x2x

3 x l0 ll electrons/cm 2 sec. Below 220 key the efficiency of the scintillation

counter is determined exclusively by pulse pile up. The characteristics of the

ratios of efficiencies of the various instruments on Explorer VI maybe

summarizedas follows. For electrons of 40 key and below, the scint/GM and

stint/prop ratios achieve their maximumvalues. These ratios decrease with

increasing energy until the 500 key scintillation counter threshold is reached.

The ratios again increase in the energy range of 500 to 1500 key however the

peak value is never as high as that attained in the 0 to 50 key energy range.

At energies sufficiently high so that the GMcounter responds to electrons

directly, the ratios again decrease.

The following is a qualitative discussion of the dynamics of the

outer radiation before, during and after the magnetic storm of August 16,

1959. The counL rate R observed by any of the detectors on Explorer VI

is given by

oo

R = [ d- aJ(E)dE
J

o

where J(E) is the omnidirectional integral spectral distribution, and ¢(E)

ia the efficiency of detection of electrons for a given instrument. In the

forthcoming discussion it will be assumed that the qualitative response of

a given detector is predominantly from electrons in one oft_he .energy ranges

6



tabulated in Table I_ Then the count rate in a given energy range AE_

is given by

m aE)R E= (m

and the ratio of two of the count rates observed by two detectors, e.go

the scintillation counter and Geiger counter is given by the ratio of the

efficiencies of the two instruments

scin

GM

e(E)scin t

III. PRIOR TO THE GEOMAGNETIC STORM OF AUGUST 16_ 1959

During the lifetime of the Explorer VI earth satellite (August 7

to October 6, 1959) five magnetic storms were observed Data taken during

the storm of August 16, 1959 is most complete and therefore that storm shall

be discussed. The period from August 7 to August 16 was relatively quiet.

Figure iashows the count rates observed by the various radiation detectors

on the Explorer VI earth satellite on August 16, 1959 prior to the sudden

commencement of the magnetic storm. The data shown is typical of the period

of August 7 to August 16_ (See VOb_me II, A Compendium of Scintillation

Countel Data°) A study of the ratios of the various instruments lead to the

following conclusions°

7



3 Mevthe Prop/GMefficiency increase steadily in going from 50 key to

3 Mev. This ratio is therefore an excellent measure of the electron

energy spectrum. Since this ratio increases to a peak at 22,000 km

and then decrease again, the spectrum of electrons must harden at

22,000 km and soften at both higher and lower altitudes (see Table _I).

The Scin/GMand Scin/Prop ratio are consistant with such an interpretation

and may furthermore be used to determine the degree of softness of the

spectrum. From Table II, it is noted that the Scin/Prop ratio approaches

3000 at 28,000 kilometers. Table I indicates that such high ratios can

only be achieved for energies below tlhe sc_.ntmllation counter threshold°

The only possible interpretation consistent with the observed ratios is

that at 28,000 km electrons of lO0 key average energy predominate.

Furthermore, the intensity of these must be of the order of l0 ll electrons/
2

cm sec. _t 22,000 km 1Mev type electrons exist, whereas at 18,000 km

the average electron energy is of the order of 400 key.

IV. DURING THE GEOMAGNETIC STORM OF AUGUST 16_ 1959

Figure 2 shows a comparison of the particle flux seen by the

scintillation counter on passes 17 aod 18, both on Augo.st 16, in the

outer Van Allen zone. Pass 18 shows a very unusual amount of structure

in the particle flux and a modest increase in peak intenslty - evidence

that new particles have appeared in the geomagnetic field at distances beyond

approximately 3 earth radii. This increase in peak intensity, takzng

place during the main phase of the magnetic storm, is quite small compared

with the 20-fold increase that had occurred by pass 21 on August 18. It

is important to note however, that there is no net decrease in peak intensity

in the outer zone of particles to which the scintillation counter is
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i. It is not possible to account for the observed ratios as a

function of altitude with an unchanging spectrum. Either the spectrum

hardens or softens or the composition of the trapped radiation changes

in going from 15,000 to 30,000 kilometers radial distance.

2. In going from 15,000 km to 30,000 km radial distance, the

energy spectrum of electrons must first harden and then become extremely

soft. If the major contribution to the various detectors were electrons

of energy greater than 3 Mev then the scin/GM ratio would become of the

order of i0. It is only at low altitudes (see Table II) where the ratio

TABLE II

Ratios of Count Rates Observed by the Radiation Detectors

Radial

Distance

for Pass 17 August 16 (Refer to Figure 2)

Ratio 13,000 km 18,000 km 22,000 km 28,000 km

Scin 63 150 130 ii00
GM

Scin
32o 34o 24o 29oo

Prop

Prop 0.2 0.4 0 -5 0.35
GM

Ion
GM 7 x 10 -4 15 x l0 -3 2 x i0 -3 i0 -2

10

even approaches this value. Thus we assume that a radial distances

greater than 15,000 km the predominant contribution to the various

detectors is from electrons of energy less than 3 Mev. At energies below
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sensitive at any time during the storm, although there is a decrease at

radial distances beyond the position of peak intensityo This may be

contrasted with the results of Arnoldy, Hoffman, and Winckler (1960)

and Fan, Meyer, and Simpson (1960), shown in Figure 3 who observe a

decrease in the peak intenslty of bremsstrshlung from electrons°

Since the instruments on this satellite sensitive to bremsstrahlung

from electrons see a decrease in peak ].ntens].ty, the increase in peak

intensity seen by the scintillation counter may De accounted for by an

increase of protons above 2 Mev in the geomagnetic field. However, the

observed scintillation counter counting rate after the storm was

1.8 x lO 7 counts/sec. Assuming this rate was due to protons of energy

greater than 2 Mev, the particle energy density associated with these

particles would exceed the energy density of the geomagnetic field.

Thus it is unllkely that 2 Mev protons could give rise to the observed

rates. If we assume the various detectors are responding to electrons,

the count rate ratios lead to the hypothesls that the increase observed

by the scintillation counter, while the proportional counter and Geiger

counter both see a decrease, must be due to an influx of low energy

electrons to radial distances of approximately 3 B o Table III presents
e

the ratios observed by the radiation detection instruments during

pass 19 of the satellite. The most striking change is Observed in the

Scin/GM and Scin/Prop counter ratio at the radial distance of

approximately 20,000 kmo (5 Re) Indeed these ratios, observed at 20,000

kilometers are comparable to the ratios observed before the storm

(see Table II) at 28,000 kmo It is therefore proposed that during the

geomagnetic storm a large influx of electrons of average energy 50-100 key

12
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TABLE III

Ratios of Count Rates Observed by the Radiation Detectors for

Pass Number 19

Radial

Distance

Ratio

Scin

GM

Scin

Prop

GM

Ion

GM

15_9o0 km

120

45o

0 °27

0 °74 ix 10 -5

20_000 km

16o0

34oo

0 °48

i.i x lO -3

790 515 2800

1250

0 °63

lO5O 34oo

I x 10 -3

o.49 o.84

i

ioi x i0 -3 I.i x 10 -31

i
i !

................ . .... [

14



penetrated the geomagnetic field to a radial distance of approximately

3 R . Below 3 R the changes in the trapped radiation are small. The
e e

decrease in count rates, seen by the Geiger counter and proportional counter

may be accounted for by permitting a very small fraction of the 1-2 Mev

electrons to be lost from the radiation belt. Indeed, since the efficiencies

of these instruments for detection of i Mev electrons is of the order of

108 the efficiency for detection of 50 kev electrons, compared to 104 for

the scintillation counter, an influx of i0II electrons/cm 2 sec of energy

greater than 50 key, would be equivalent to a loss of 103 electrons/cm 2 sec

of energy greater than i Mev.

V. AFTER THE GEOMAGNETIC STORM OF AUGUST 16

The peak intensities observed in the outer radiation zone with the

scintillation counter and proportional counter telescope, before, during and

after the geomagnetic storm are shown in Figures 4 and 5o The scintillation

counter maximum _ntens_ty is sometimes at the first outer zone peak and

sometimes it is at the cecond outer zone peak, although the difference in

peak heights is always small_ While the uncertainties in the reconstruction

of the intensity curves and tne uncertainty in the estimate of the efficiencies

for particles of various energies do not perndt accurate measurements of the

particle flux, the relative day-to-day changes are probably quite well

represented in Figure 4. For example, the alternate increase and decrease

in peak intensity starting w_th pass 20 was at least partly the result of

traversals alternately at high and low geomagnetic latitudes° Since the

period of the satellite was just slightly greater than 12 hours, consecutive

passes differ in geographic longitude by approximately 180 °. Therefore, the

magnetic dipole axis was alternately tipped toward the satellite (high

geomagnetic latitude pass) and away from the satellite (low latitude pass).

15
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A few d_ v_ _ater, because the satellite period was incommensuratewith the

earth's period, the magnetic axis was tipped to the side on each traversal,

and both passes were at intermediate geomagnetic latitudes. The low

latitude passes produced the high count rates, and the high latitude passes,

the low ones. The appearance of such expected effects supports the validity of

the reconstruction of the peak intensities from the saturation curve°

The outer zone peak i_tensities shownin Figure 5 are separated

for _raversals near the equatorial plane and at high latitudes. It is

apparent that the maximumincreases and decreases for the August 16 storm

occurred in the equatorial plane° Furthermore, a comparison of the

intensities shownin Figure 4 with those shownin Figure 5 indicates that

the decay in peak intensity after the storm was muchmore pronounced in

the particles seen by the proportional counter than in the particles seen

by th_ scintillation counter° A qualitative interpretation of the spectral

character of the radiation after the geomagnetic storm may be obtained by

exami_ing the ratios of count rates of the various detectors° The ratios

shownin Table IV were determined from data shownin Figures 6, 7 and 8o

The scin/GM and ion/GM ratios were obtained from pass number 21 while the

sein/prop ratio was obtained from the data of pass number 25° In evaluating

the ratios tabulated, the general structure of the outer radiation zone as

seen by she various detectors should be taken into consideration. During

pass number21, the structure apparent in the outer zone (the bi-furcation

of the peak intensities) prior to the geomagnetic storm is discernable in

both the scintillation counter data and the Geiger counter, ion chamber

data. Onpass number22, however, the structure has disappeared and only

one peak is observed in the outer zone by the two instruments (see Figure 7).

18
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TABLE IV

Ratios of Count Rates Observed by the Scintillation Counter,

Geiger Counter and Ion Chamber for Pass Number 21;

and the Scintillation Counter and Proportional Counter for Pass Number 25

Radial

_ 15_000 km 21_000 km 25_000 km 26_000 km 30_000 k.m

Scin 400 laOO - 225O 93o --- 44OO
GM

l°----n-n 1.7 x 10-3 (0.5-0°8) x lO -3 o5 x lO -3 --- 2 x 10 -3
GM

Scin 1300 1500 1700 3400 1300
Prop

22



Furthermore, for the first time the positions of the peaks as seen by the

two detectors seem to coincide° By August 20, during pass number 25, a

slight bi-furcation, similar to the structure observed prior to the geo-

magnetic storm is apparant in the scintillation counter data, but not the

proportional counter data° The position of the scintillation counter peak

is still coinciden% w_th the position of the proportional counter peak.

The ratios in Table IV are tabulated at the peaks and valleys in intensity

as determined by the various instruments. The high scin/prop ratio can

only be accounted for by electrons in the 20 to 40 key energy range. These

same electrons could also account for the high scin/GM ratio Observed after

the storm. Since this is the only consistent interpretation of the

various ratios it is apparent that during pass 21, the scintillation

counter peak at 30,000 km consisted of very soft electrons (the predominent

contribution _as from the 20 to 40 kev range)° During pass 22, the 50,000

km peak was no longer discernible._ At 21,000 kilometers the scin/GM ratio

was of the order of 5,000, whereas during pass number 21 the ratio was

approximately 1,800o The scin/prop ratio was a maximum at 26,000 kilometers

during pass numbez 25, at the time when the bi-furcation of the outer zone

peaks was becoming apparent in the scintillation counter data°

VIo DYNAMICS OF THE RADIATION ZONES ASSOCIATED WITH THE AUGUST 162 1959

MAGNETIC STORM

Before the storm of August 16, 1959, the radiation detectors on

Explorer VI responded to two groups of electrons; a group characterized by

an energy of approximately 1 Mev, and a second group characterized by an

energy of approximately 50 kev o The _ntensity of the 1 Mev group reaches

a peak at approximately 20,000 kilometers° At altitudes greater than 22,000

23



kilometers the 50 _ev group begins to predominate _nd the scintillation

counter response _,s due predominently to that group°

During the geomagnetic storm a large influx of electrons of

average energy 50_100kev penetrate the geomagnetic field to a radial

distance of appro×imately 3 R o At the sametime the 1 Mev group ofe

electrons is depleted from the outer radiation zone° The build up in

•the low energy electron group continues during and after the geomagnetic

storm, until it is no longer possible to distinguish between the two

groups with the detectors on Explorer VIo After a few day, the bi-

furcation in the outer zone peaks is again discernable and the radiation

detectors beg_n to respond to a more energetic componentat lower

altitudes° The radiation _s however compressedso that the peak which

was observed at 50,000 kmpri.or to the storm _s now located at 26,000

km radial distance_

The intensity of the low energy componentprior to the geomagnetic

storm should be approximately 1012 electrons/cm 2 sec, in order to account

for the ratios of count rates seen by the various instruments° During,

and in_nediately after the storm the intensity of the low energy component

would have to be i_ the order of 1015 electrons/cm 2 sec with an average energy

of approximately 30 kevo Even though the energy density associated with

these intensities begin to approach _he magnetic energy density of the

geomagnetic field, such intensities cannot be excluded on these grounds

since perturbations of the surface which may have been due to these

particles may have occurred during this period°

24



It is difficult to reconcile these observations with the data

obtained from instruments on the Explorer XII earth satellite. Pending

a more thorough investigation, the most likely explanation is that the

radiation belt structure changed appreciably in the period between August

1959 and September 1961o
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INTRODUCTION

Satellite nlagnetic field data were obtained by Explorer VI during

severe magnetic storm, at geocentric distances between 4 and 8 RE_ (earth

radii). The examination of these data is restricted to questions concermir_g

the gross characteristics of the large scale magnetic fteld surrounding

the earth during the storm. Consideration of local storm features, sm_h as

rapid field variations, is deferred to a subsequent publication° Comparisoas

are made between (i) the time dependence of the distant geomagnetic field

and the surface field during the storm and (2) the gross features of the

distant field during storm and non-storm intervals. Long period variations

in the distant field will also be compared with variations in the intensity

of the outer radiation zone during the storm. Our purpose has been to

develop a general description of the large scale storm field from the

experimental data. The physical origin of the storm field is also invest1_ted,

including the possible existence of a main phase ring current°

There are obvious advantages in studying the behavior of the storm

field at the surface and at large radial distances simultaneously, since

the solar effects responsible for geomagnetic storms can be strongly modlfled

by a complicated interaction with the earth's outer atmosphere. However,

space probes, Pioneer I, Luniks I and II, and Pioneer V, (Sonett, Judge, Sims,

and Kelso, 1960; Krassovsky, 1960; Coleman, Sonett, Judge, and Smith, 1960)

made single traversals of the distant geomagnetic field during non-storm

intervals. Vanguard III (apogee, _i0,000 kilometers) produced field

measurements above the ionosphere during an interval which Included seweral

moderate magnetic storms (Heppner, Stolarik, Shapiro, and Cain, 1960). The
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Ex01orer VT dava represent the first, repetitive measurements of rhe earth's

field, between 4 and 8 earth radii_ during a magnetic storm,

BACKGROUND

The following background iDformation is necessary Zo understand the

experimental data ar:d our analysis of i+_ The nature of the experimental

measurements the sat, ell_re orbit characteristics, the surface magnetic

conditions:, and the characterisLics of the non-storm field_ oblained

previously from Explorer VI data_ are described below°

Ir.s_rumentation

The detecting element of the search coil magnezome_:er was a solenoid

wound on a high permeability core. The detector was attached to the shell

of the spin-s_abilized spacecraft for _ich the rotation ra_e was 2 7

revolutions per second. Relative motion between the rotating spacecraft

and _he _u_ien[, sl,afionary n_g_e_ic field_ g_nerated a sinusoidal voltage

havi[_g a frequeDcy equal t6 the spin rate and an amplitude proportional

_o B_]_ the compoDen_ of the magnetic field perpendicular to the spacecraft

spi_ axis (see figure i). The coil voltage was fed %o a tuned amplifier

having a pass ba_d centered at *he spit frequency (see figure 2)_ A quasi-

logarithmic amplifier gain was achieved by using an AGC lOOpo This extended

[he dynamic range of the magnetometer to 3 orders or magnitude:. When the

experiment was designed._ theorelical inconsistencies in the predicted

character of _he dis%an_ field demanded that field measurements be possible

over an exter,ded range of altitudes:

The magnetometer coil constant is the numerical relation between the

field strengt, h and _he voltage generated in the coilo It was determined by

* F_gures follow the page on which they are first mentioned. See pages

88-95 for the complete figure captions.
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comparing the voltages generated when the search coil and a standard air-

core coil were simultaneously rotated in the earth's field in a region

where gradients were small. Sinusoidal voltages were applied to the amplifier

input to obtain the steady state calibration. (The transient response of

the magnetometer is not pertinent to this paper and will be discussed else-

where. ) The details of the equipment and its calibration have been reported

previously (Judge, McLeod, and Sims_ 1960). For a given field magnitude_

the output signal depended on the sp_n rate of the spacecraft and was slightly

dependent on the temperature of the electronics. The spin rate was determined

to a very high degree of accuracy by ........._ the number of cycles of the

telemetered sinusoid in a given time period. The temperature of the electronics

was checked 3 using several temperature sensors located inside the spacecraft.

Analysis of Pioneer I magnetometer data, in which large angular changes

in the distant field were detected (Sonett_ Judge, Kels% 1959)_ indicated

a need for vector field data in subsequent experiments. The data reduction

program for the Pioneer I experiment provided for the analysis of the phase

of the returned magnetometer signal. However_ an initial phase reference

was not available. Thus, the Explorer VI instrumentation included a photo

diode-sunscanner and phase comparator. This provided both a phase reference,

based on the solar direction, and in-flight determination of directional

variations in B L.

The phase comparator measured the angle, _, between B__ and S__

where S__ is the projection into the spacecraft equatorial plane of a unit

vector pointing in the direction of the sun (see figure 1). Hereafter,

is called the phase angle. It is the magnetic declination in the spacecraft
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reference fram% measured with respect to the earth-sun direction.

depends on the orientation of the spacecraft spin axis.

The phase comparator utilized two input signals: the sinusoidal search

coil signal and a sequence of periodic pulses from the photodiode (see

figure 2). The output signal was a DC voltage proportional to the time

delay between: (i) a pulse received from the photodiode when it was

illuminated by solar radiation, and (2) a pulse coincident with the zero-

voltage-crossing of the search coil signal° These two signals were used

to drive Schmidt triggers which controlled the state of a flip-flop_ A

voltage, obtained by integrating the flip-flop output signal, was proport-

ional to the time delay between the two pulses. The only characteristic of

the search coil sinusoid used was the time at which the signal made a zero-

voltage-crossing. Thus, except for very small field magnitudes, the phase

comparator output was independent of the magnitude of the sinusoid and the

measurement of _ was independent of B__.

The voltages were converted to frequency modulated signals (by sub-

carrier oscillators) and telemetered. The data output voltages were also

digitized inside the spacecraft and binary numbers were transmitted. The

transmissions of digital data, which were commanded periodically from the

ground, were sporadic. (The digital transmitter was checked out on Explorer

VI for subsequent use on Pioneer V.) The analog transmissions were

continuous and were received at one or more ground stations for approxi-

mately three-fourths of the satellite lifetime_ The digital data have been

used primarily to check the quality and accuracy of the telemetered analog

data.
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Orbital Parameters

Since Explorer VI was launched in August 1959, much time and effort

has been expended in order to refine the determination of the orbit. Refine-

ment was a necessary consequence of perigee drag fluctations and solar--unar

perturbations, knowledge of which was not well developed in 1959. With

the establishment of an accurate orbit and a precise spin axis orientation,

the more subtle effects in the data, such as the properties of the disturbance

field near the geomagnetic equator, could be studied.

The Explorer VI orbit was highly eccentric (apogee = 48,800 kin;

perigee = u_"_,vkm) . The orbital plane w_s non-equatorial, being inclined

47 ° with respect to the geographic equatorial plane. Apogee occured at

a geographic latitude of -20 °. Figure 3 shows the projection of the orbit

onto the surface of the earth. The spacecraft crossed the equatorial plane

at geocentric altitudes of 7, 200 and 30, 000 km.

A non-equatorial orbit has important consequences for magnetometer

data. An almost universal tendency to visualize such data in terms of an

equatorial trajectory can lead to serious misinterpretations. Trajectory

effects are an essential feature of the experimental results and are dis-

cussed in some detail in this paper°

The satellite was launched from Atlantic Missile Range at 1345

on August 7, 1959. Since perigee occured at about 0900 hours local time,

apogee was located on the opposite side of the earth at 2100 hours local

time. On August 7, the projection onto the geographic equatorial plane

of the semi-major axis of the orbit made an angle of -_135 ° with respect

to the earth sun direction. This angle decreased by approximately 1° per
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day_ The right ascension and declination of the spin axis were 217 ° and

23 °, respectively.

The orbital period was nearly 12-3/4 hours. Thus, the distant geo-

magnetic field and the radiation zones were traversed twice daily. This

particular orbital period has an important consequence which affects the

instantaneous location of the spacecraft in geomagnetic coordinates.

Because the earth's magnetic pole is inclined ll-1/2 ° with respect to the

earth's rotational axis, the geomagnetic latitude of a fixed point in space

will undergo a diurnal variation. For example, a point on the geographic

equatorial plane will vary between +ll-1/2 ° and -ll-1/2 ° geomagnetic

latitude. Because the Explorer VI orbital period was approximately 12 hours,

varied over a range of 23 ° on successive orbital revolutions. Furthermor%

because the period differed slightly from 12 hours, there was an asychronism

between the rotation of the geomagnetic field and the orbital period.

The asynchronism produced gradual changes in the trajectory of the spacecraft

_n geomagnetic coordinates. The slow progression of geomagnetic coordinates

has prompted us to divide the data obtained on odd-numbered and even Dumbered

passes into two separate groups in order to isolate temporal changes io _.be

geomagnetic field more clearly.

MAGNETIC CONDITIONS AT THE EARTH'S SURFACE

The magnetic history of the period (Lincoln, 1960) to be discussed

may be summarized as follows (see figure 4): August 12, 13, 14 were

among the five quietest days in August. On August 15, a gradual commencemeot

storm was reported at some stations. At approximately 0400 on August 16_
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a sudden commencement storm began which continued until the end of +he 17th

or beginning of the 18th. This storm was classed as severe (corresponding

to a K-index of 8 or 9). Huancayo reported a moderate, gradual commencemen_

storm which began at 0635 on August 18 and ended at 2000 hours the same day,

A moderately severe, sudden commencement storm began on August 20 at 0412.

There is no general agreement as to when this storm ended. (Some stations

estimated that it ended the 20th while others recorded disturbed conditions

until August 24). August 27 and 28 were the two quietest days of the month,

A moderately severe (K = 6, 7) sudden-commencement storm began or..Sep%ember 3

at 2159 and continued until the 5th or 6th. The discussion below will be

concerned primarily with the severe magnetic storm of 16 August°

Review of the Data Obtained on Non-storm Days

Preliminary analysis of the Explorer VI data obtained on non-storm

days (Sonet_, Smith_ Judge., and Coleman, 1960; Sonett, Smith. and Sims

1960; Smith, Coleman: Judge_ and Sonett_ 1960) consis_,ed of a comparison

between the magnitude, Bj_, and direction, _, of the observed field and

the magnitude and direction of the extrapolated geomagnetic field. Am 8

coefficient, spherical-harmonic expansion of the surface field (Ves*_ine._

1959) was used to derive the ext.rapolated vector field, which was then

resolved into two component s_ one of whichj having a magnitude Gj_ and

declination _G _ was perpendicular to the Explorer VI spin axis.

The comparison revealed discrepancies between Bj_ and Gj_ throughout

most of _he trajectory. Bj_ tended to exhibit the same altitude dependence

as G_i- below 5RE but to have a somewhat larger magnitude. At altitudes

beyond approximately 5RE, there was a marked disparity in functional

dependence.
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Becauseautomatic gain control was employed, the sensitivity of she

magnetometerwas a quasi-logarithmic function of the ambient field magnitude

For example, a change of one per cent in the output voltage corresponded

to a 300 y difference in a 5000 y field (approximate altitude, 12,000 km)_

and to a difference of only 3 Y in a i00 y field (approximate altitude,

38,000 km). Beyond 5RE, measured differences between B__ and G__corresponded

to a large fractional change in the magnetometer output signal, whereas_

appreciable magnitude differences below 5RE, correspond to small fractional

differences in output voltage.

The experimental results suggested that the extraterrestrial field

was essentially a dipole field out to 5RE but became progressively non-

dipolar at greater altitudes° The shape of the deviation between G__ amd

B__ depends strongly on the direction of B__, as well as on its magnitude°

The phase comparator data also revealed a characteristic difference between

and _G beginning at 5RE_ which showed that the directional behavior of

the field was also non-dipolar. A preliminary survey of data obtained

throughout a six-week interval showed that these differences were a

characteristic feature of the distant field° Perturbations in B__ and

were always noted, although their shapes varied from day to day and

were strongly dependent on the geometry of the experiment, in particular

the trajectory of the spacecraft.

To assess the character of the observed differences_ a simple

mathematical model of a perturbation field based on a longitudinal current

source with a finite, circular cross section and constant current density_

was utilized. The field due to the current was computed at points_
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on the trajectory, added vectorially to the geomagnetic field, and a

coordinate transformation wasperformed to yield theoretical values

of B__ and _. Reasonable agreement between the data and the model

calculations was obtained for a westward current of 5.106 amperescentered

at l0 b. (Smith3 Coleman, Judge, and Sonett, 1960. )

The samemathematical model was applied to the Pioneer V magnetometer

data obtained inside the geomagnetic field. There were important differences

in the trajectories of the two spacecraft. Perturbations in the distant

geomagnetic field were observed by Explorer VI on the evening and night

side of the earth, and by Pioneer V on the side of the earth toward the

sun. Reasonable agreement was again obtained between the calculated and

5 and ii_.

TEEEXPERIMENTALDATA

The magnitude data appearing in figure 5 were obtained on three

successive days during the severe SCstorm which began on August 16. B__

and _ are shownas functions of geocentric altitude. The storm data

have the samegeneral features as the measurementsmadeon non-storm days

(e.g._ see figure i in Sonett, Smith, Judge and Coleman1960). The fine

structure appearing in figure 5, e.g., a variation of several hundred gamma

which occurred at 303000 kilometers on August 17, may be either spatial or

temporal variations. The fine structure is a subject of special interest

and is being investigated separately in connection with bay-like, storm

variations (Smith and Judge, 1961).
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In the vicinity of 3RE, G__ and G coalesce because the space-

craft spin axis is orthogonal to the dipole field direction and, consequently;

the magnetometer measures the total field magnitude. At other points on

the orbit, the spin axis orientation is such that the total field is not

measured. This accounts for the difference between the solid line, _ _

and the dashed line, G , over parts of the trajectory in figure 5.

In interpreting the data, the important assumption is made that there

is latitudinal symmetry about the geomagnetic equatorial plane for both

unperturbed and stormtime fields. Under this assumption, the disturbance

field is antiparallel to the dipole field on the equator and measurement of

the scalar field alone completely specifies the resultant field. For non-

equatorial points of observation the direction of the field becomes imDortant.

In general, variations in B__ can be caused b_ a change in the

direction of the field as well as by a change in magnitude. Because

interpretation of the experimental data can be simplified by treating the

equatorial measurements separately, the data have been divided in two parts.

The first consists of the time and altitude dependence of the field

magnitude near the geomagnetic equatorial plane. The second part involves

the direction of the distant field at points of observation which are

generally not located near the equatorial plane. The centered dipole

approximation of the geomagnetic field is used to define the geomagnetic

equat or.

Variation in the Magnitude of the Near-Equatorial

Field During the Storm

Figure 6-a shows the time variation of field magnitude in the outer

radiation zone. Each datum is obtained from the field magnitude, B__,
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at a geocentric distance of approximately 24000 kilometers during a single

orbital pass. For each such value of B__, the corresponding value of

the extrapolated geomagnetic field, G__, was computed. Figure 6-a represents

a plot of the difference, _B = B__ - G_[_, during approximately the first

two weeks of Explorer VI observations° The data have been normalized so

that _B = 0 on magnetically quiet days (August ll - 12). On magnetically

quiet days, the observed field at 4RE tends to exceed the extrapolated

value of the dipole field. This feature of the data is still under

investigation. The data in figure 6-a were normalized so the ZkB = 0 on

the quietest days of the month. Both analog and digital data appear in

figure 6-a. The digital data, which are also normalized, provide data at

times for which no an_lug data is presently available and demonstrate the

agreement between the two forms of telemetered data.

Figure 6-b is a graph of the time variation of the horizontal component

of the earth's field at the surface. Each datum is the daily mean value

of the horizontal intensity at Huancayo, Peru, (geomagnetic latitude

5M, - 0.6o). The data are obtained by averaging the hourly mean values

over each Greenwich day and have been plotted at 1200 GMT on each day. This

procedure provides a reasonable representation of the long period changes

in the earth's field as subsequent removal of the daily variation has

shown. The variation in mean horizontal intensity has also been normalized

so the _H = 0 on August 11-12.

The outstanding feature of the Huancayo data is the effect of the

super-imposed magnetic storms of August 15-20. The storm period was

preceeded and followed by quiet intervals during which the horizontal
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componentrose to its highest values (August 14-15, 26-28)° The effect

of the SCstorm which began on August 16 is particularly noticeable.

Figure 6-c which is a plot of the smoothed Dst curve derived by

Chapmanand Akasofu (Arnoldy, Hoffman, and Winckler, 1960), shows the

history of the August 16 storm in greater detail than figure 6-b. The

data represent averages of measurementsof the horizontal componentmade

at 12 observatories located at various latitudes and longitudes.

The long period variation of the storm field at the surface coincides

with a similar variation at an altitude of 4 earth radii. A comparison of

figures 6-a, b_ c indicates that B__undergoes a main phase decrease and

recovery at _4R E which is essentially coincident with Dst at the surface.

The magnitude of the main phase decrease is _140 gammaat the surface

and _360 y at 4RE, i.e., approximately two and one-half times as large.

Variation in the Direction of the Extra-Terrestrial

Field During the Storm

Figure 7 shows the departure of the observed field direction from

the direction of the extrapolated geomagnetic field and contrasts the extent

of the departure on storm days and days that are magnetically quiet. The

experimental measurements obtained from the magnetic field aspect indicator

(or phase comparator) are shown as a function of altitude for each of three

orbital passes. Also shown are the theoretical values of the phase angle

corresponding to the extrapolated geomagnetic field (_G). These values

are obtained by transforming the extrapolated vector field into the

spacecraft coordinate system to derive the angle between the field direction

and the direction to the sun.
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Figure 7 shows that _ and _G are equal at geocentric distances

of less than i0000 - 15000 kilometers. This agreement is due to the

"stiffness" of the geomagnetic field near the earth (i.e., a transverse

disturbance field of several hundred gamma will produce a negligible

rotation of the dipole field lines). The same range of angles is (i°e0,

150o < _ < 300 ° ) observed near the earth and at great distances. Thus.

the expected agreement between _ and _G near perigee provides a check

on the consistency of the aspect indicator calibration.

At large distances from the earth _ departs from _G" At southern

geomagnetic latitudes the phase deviatio_ A_ = _ - _G' is negative. On

the geama4_netic equator (5M = 0 is indicated in figures 9 thru 12), A_

is either zero (passes 16, 18, 20) or tends to be slightly negative

(passes 15, 17, 19, 21, 22).

The extent by which _ departs from _G depends, in part, on

variations in the trajectory of the Explorer VI (i.e., the magnetic latitude

of the spacecraft at a given altitude). There is also a time variation

which is sho_ in an extreme form in figure 7. There were magnetic storms

on August 17 and September 4, while August 27 was the quietest day of the

month (see the A indices included in the figure).
P

The ,?hserved negative values of A_ for 5M < O, is qualitatively

consistent with the effects of a perturbation field caused by a westward-

flowing current. Figure 8 shows an idealized situation in which spacecraft

spin axis is assummed to be perpendicular to the magnetic meridian plane

A

(which also contains the sun vector, S). This example demonstrates how

a perturbing field affects _. It should be noted that the spin axis is
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not actually orthogonal to the magnetic meridian plane near apogee - but

is inclined at an angle of 30-50 degrees with respect to the latter.

However_ the situation in figure 8 is qualitatively correct near apoge%

as the model calculations have showm.

The departure, _, has its smallest magnitudes on August 27 and

August 13. As figure 6 indicates, the horizontal intensity at the earth's

surface rises to its highest value on these quiet days. These observations

are qualitatively consistent with a decreased westward current in the outer

atmosphere of the earth.

Another notable feature of figure 7 is the occurrence of fine

structure during magnetic storms. Several distinct transients (such as

those seen at 30,000 kilometers on August 17 and at 42,000 kilometers on

September 4) correlate with the occurrence of pulsating magnetic bays in

the antarctic (Smith and Judge, 1962), and transient increases in the

Explorer VI scintillator count rate. According to Rosen and Farley (1960)_

_he occurrence of rapid variations in the scintillator count rate is typical

of magnetic storms or magnetically disturbed periods, Rapid variations

in the direction of the distant field are also associated with magnetically

disturbed conditions, as figure 7 indicates_

Figures 9 thru 12 contain the phase angle data for eight successive

orbital passes during the storm period August 15-18. The Z K values
P

are the sums of the 3 hour, planetary K indices during the 12-hour

period corresponding to each orbital pass of the Explorer VI. K is a
P

measure of the magnetic agitation at the surface. The altitude at which

the spacecraft crossed the geomagnetic equatorial plane is indicated in
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each figure_ Also shown in figures 9 thru 12 are two angles, 9M

which are helpful in interpreting the data.

9M is the angle between _, the Explorer VI spin axis_ and

the normal to the local magnetic meridian plane (see figure 13).

and hs ,

n_

The

meridian plane contains the local direction of the field and the center

of the earth, n, the perpendicular to themagnetic meridian plane, is

given by eB x eR, where eB is the direction of the extrapolated geomagnetic

field and eR is the radius vector from the earthEs center to the spacecraft.

@M indicates to what extent the spacecraft spin axis is rotated out of the

magnetic meridian plane at different points along the trajectory°

ks is the angle between the two directions - obtained by projecting

the earth-sun vector, and the satellite radius vector, onto the equatorial

plane (see figure 14).

As discussed earlier, a division of the data into two groups is made

in order to minimize trajectory effects. Figures 9 and i0 contain only

the odd-numbered passes, which generally occurred during the first half

of the Greenwich day, whereas Figures ii and 12 contain even-numbered passes.

There are small progressive changes in the geomagnetic coordinates of the

spacecraft on the odd-numbered and even-numbered orbits taken alone. On

the other hand_ there are large changes in geomagnetic coordinates on

passes taken consecutively. The gradual time variation of the trajectory

in geomagnetic coordinates is seen in figures 15 and 16. The altitude at

which 5M is equal to zero progresses to higher altitudes during the odd-

numbered passes and to lower ones during the even-numbered passes.
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MERIDIAN

NORMAL TO MAGNETIC
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A A A

rt=e B Xe R

• R

A

eB, UNIT VECTOR IN DIRECTION OF GEOMAGNETIC FIELD

_R, UNIT VECTOR IN DIRECTION FROM EARTH'S CENTER

Figure 13. Representation of the Angle, GM
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Figures 9 thru 12 show a progressive enhancement of A_ during the

storm with a subsequent return to pre-storm values. This may be seen

by considering a given A_, which we designate A_*(e.g., A_ = -20°).

R(A_*)_ the altitude at which A_ = A_*, moves toward lower altitudes

during the main phase of the storm (_Kp increasing) and returns to higher

altitudes during the recovery phase (Z K decreasing).
P

Figure 17 provides an alternative view of the variations in A_

during the storm. Figure 17-a is a plot of A_ at a given altitude

(40, 000 kilometers) as a function of time. Figure 17-b shows the simulganeous

variation in the horizontal intensity at the earth's surface. The data

are hourly mean values of H at Huancayo. The diurnal variation has been

removed. Figure 17-c is a plot of the corresponding value of the 3-hour

index, K • The direction of the distant field is correlated with both
P

variations in the horizontal component, and the extent of the agitation,

of the surface field.

This correlation apparently includes the initial phase of the August 16

storm. However_ the increase in AH, and decrease in A_, observed during

the first quarter of August 16 actually represents a super-position of

two effects. One is the initial phase of the SC storm of August 16. The

other is the recovery phase of the GC storm of August 15. The effect

of the GC storm on the distant field can be seen in the first two data
J

points (August 15) in figure ll and by comparing figures 9-a and ll-a

(successive passes). An inspection of ground station magnetograms shows

that the GC storm was of short duration. Because the two storms overlap,

it is difficult to isolate and study the effects of the initial phase of
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the SC storm. The subsequent data show the effect of the main phase

decrease and recovery associated with the August 16 storm.

Simultaneous Variations in Field Magnitude and

Peak Intensity of the Outer Radiation Zone

Figure 18a contains the storm data shown previously in figure 6,

i_e., _B at -_ 4RE. Also, shown are the corresponding measurements of

the peak intensity of the radiation particle fluxes in the outer zone.

Figures 18b, c, d are the Explorer VI data obtained by the University of

Minnesota Geiger tube, the University of Chicago proportional counter,

and the Space Technology Laboratories Scintillation counter. Prior to

the storm of August 16. the primary peak in the outer zone: based on the

Geiger tube data, was located at approximately 24, 000 kilometers (Arnoldy,

Hoffman, and Winekler, 1960). Thus, equatorial field measurements and

Geiger tube measurements of the peak intensity occur in the same region

of space and are essentially simultaneous° The peak of the outer zone

as detected by the other two instruments was displaced slightly from

2h, O00 kilometers (Fan, Meyer, and Simpson, 1960; Farley and Rosen, 1961).

During the storm main phase, there was a substantial decrease in

the count rates of the University of Minnesota and University of Chicago

experiments_ followed by a large increase in the particle fluxes during

the recovery phase of the storm. This behavior apparently is characteristic

of the outer zone during a magnetic storm and has been observed by similar

instruments on other satellites. The scintillator data departs from the

general tendency during the main phase.
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Figure 18 shows that the slow variations in particle intensity

correlate with the variations in field magnitude at 4RE. The count

rates of the Geiger Tube and Proportional Counter decrease when the field

magnitude decreases and the scintillator count rate increases slightly.

When the field at 4R E recovers from the effect of the storm, and returns

to its pre-storm value, all three particle count rates increase. However,

the peak intensities in the outer zone are an order of magnitude larger

than their pre-storm values_

SUMMARY

The experimental data can be summarized as follows:

l) Long period time dependent changes in the distant field coincided

with Dst at the surface.

2) The magnitude of the main phase decrease in B__ at _ 4RE was

several times larger than it was at the surface.

3) Irregular field fluctuations, with periods exceeding one minute,

were observed during the storm. The largest fluctuations correlate

with the occurrence of transient, storm variations observed at the

surface near the polar regions.

4) Variations in the direction of the field at -_TR E correlate with

half-day variations in (a) the horizontal component of the surface

field, and (b) the three hour, planetary K index.

5) The large scale perturbations of B]_ and _ during the storm

were qualitatively similar to the perturbations observed previously on

non-storm days.
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6.7 The Dst variations in the field magnitude at 4 _ correlate with

changes in the peak intensity of the outer radiation zone measuredby thre%

high energy particle detectors on Explorer VI. Two detectors show a

decreased intensity during the storm whenthe field magnitude is depressed,

All three detectors measuredpeak intensities which exceed the pre-storm

values at the sametime that the field magnitude returns to its quiescent

value.
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DISCUSSION

TheExplorer VI observations extend our knowledgeof geomagnetic

storm fields to points of observation far abovethe earth's surface. Such

data can be used to test the validity of the various magnetic storm theories.

The Explorer VI storm data at 4 to 8 RE and the world wide componentof

the surface storm field (D ) have the sametime dependence. Furthermore, the
st

variations at one, four, and seven earth radii are essentially simultaneous,

i.e., possible time delays are muchless than the characteristic period of

the Dst variation. During the storm the earth was immersedin a large scale

magnetic field that wasmanifest at the surface as the main phase decrease.

Characteristics of the Large Scale Storm Field

The characteristics of the Dst field at the earth's surface can be

described simply. The Dst field has approximately the same magnitude and

direction (antiparallel to the earth's axis of rotation) over the entire

surface. It is the kind of uniform field that could be produced by a spherical

current distribution concentric with the earth or by a toroidal current having

a dimension of several earth diameters.

Ideally, a complete description is desired of the magnitude and direction

of the Dst field in the space surrounding the earth. However, a complete

description is not possible from a single orbiting satellite. It is

particularly difficult to distinguish between a radial dependence and a

dependence on latitude or longitude when the trajectory is a highly inclined

ellipse like the Explorer VI orbit. In addition, useful data from the Explorer VI

magnetometer is restricted to portions of the orbit where the magnitude of the

disturbance field was at least several percent of the magnitude of the unperturbed

geomagnetic field (as discussed above).
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We can, however, infer several important properties of the large scale storm

field from the Explorer VI data. Future magnetometer experiments will extend

and improve this description.

1. A lower bound can be placed on the radial extent of the storm field.

An attempt to establish the characteristic dimension of the Dst field is

related to problems involving how much of the magnetosphere is occupied by

the storm field and how the storm field inside the magnetosphere is allied

to large scale storm fields in interplanetary space (Coleman, Davis_ and

Sonett_ 1961). If the Dst field fills the geomagnetic cavity, the characteristic

dimension will depend on the shape of the cavity and may be significantly

different along, and transverse to, the earth-sun direction.

The longest dimension of the Dst field must have been ?R E at least, since

a correlation with the surface Dst field was observed at that radial distance

(see figure 17). As discussed below_ it is evident that the Explorer VI orbit

was entirely confined to the earth's magnetosphere. We are only able, therefore,

to place a lower bound on the largest dimension of the magnetosphere during

the storm_ i.e., Explorer VI apogee (8RE). The observed correlation is

consistent with the extension of the storm field throughout the entire

magnetosphere. Since the boundary of the cavity was not penetrated_ we cannot

investigate the possible connection between the disturbed geomagnetic field

inside the cavity and the interplanetary field outside it during the storm.

The evidence that the Explorer VI orbit was inside the magnetosphere is

the following:

(i) In the vicinity of 4 RE with the spacecraft near the magnetic equator

both the magnitude of the field (_600y) and its geographic dependence are
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typical of the geomagnetic field. Furthermore, the coherent variations in

and _G from orbit to orbit (see figures 9 through 12) show that the location

of the spacecraft in geomagnetic coordinates, as indicated by the field

direction_ followed closely the rotation of the earth's dipole field.

The spacecraft was evidently also inside the magnetosphere at larger

radial distances.

(i) There is no indication in the phase data (which provide the

most complete data coverage throughout the storm interval)

that the spacecraft ever penetrated an interface. The Explorer X

(Heppner, Ness, Skillman and Scearce, 1962)and Explorer XII

(Cahill, 1962) magnetometer data show a marked change in the

direction of the distant field at the magnetopause. However,

the dependence of _ on radial distance in figures 9 to 12 is

essentially smooth. In addition to studying the geographic

variations we can also compare the day to day variations in

The storm data are qualitatively consistent with the non-storm

phase data. During quiet interval% e.g. 27 Augustj the small

clearly indicates that the spacecraft was confined to the

magnet osphere.

(2) Temporal variations in _ at 40,000 kilometers correlate with

variations in the magnitude of the surface field. The simplest

explanation is that the perturbed geomagnetic field was measured

at both locations.

(3) Model calculations, to be presented below_ can account for the

qualitative features of the storm data along the trajectory.

The magnitude of the superposed disturbance field so derived is

less than Q all along the Explorer VI orbit.
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(4) Explorer VI high energy particle measurementsshowthat the

outer zone extended to geocentric altitudes of at least 40,000

kilometers. (e.g. see Rosen, Farley_ and Sonett 1960, figure 7).

2. Near the equatorial plane at 4 RE_the storm field was directed

southward_wasapparently aligned with the local magnetic meridian plane_ and

had a magnitudeof -_ 350Y.

At certain points of observation_ symmetry properties can simplify the

description of the distant vector magnetic field° Thus, if D is antipara_lel

to G on the magnetic equator_ a singl% scalar measurement completely specifies

the resultant field_ B. Such simplification depends on whether or not D

causes a rotation of the geomagnetic field near the equator.

There are definite implications in the Explorer VI data regarding large

angular rotations of the geomagnetic field near the equator. At 24_ 000

kilometers_ @M; the angle between the spacecraft spin axis and the normal to

the local magnetic meridian plan% was approximately 105 degrees. The spin

axis was nearly contained in the meridian plane. Consequently, field rotations

out of_ or transverse t% magnetic meridian planes were readily detected.

Conversely_ along this part of the orbit_ the phase angle was insensitive to

rotations cor_fir_ed to magnetic meridian planesj which would leave _ equal to _G o

The phase data (figures 9 through 12) show that A_ did not exceed 8° during the

storm° Therefor% any component of field rotation out of the magnetic meridian

plane was small. Stated another way_ at 4 RE near the ;equator, _tazoidal components

of the disturbance field, were either small or entirely absent.

Can the changes in B_i- (figure 6) be explained by a rotation of the field

within the magnetic meridian plane? Near the geocentric distance of 24_000

kilometers, the spacecraft spin axis was nearly perpendicular to Go Thus 3 in

the absence of a disturbance field_ B j_ was approximately the total field
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magnitude, G, near the equator. (Note that I G_I _ [ G I _ figure 5. ) The

35OY decrease in B1 during the main phase implies a reduction in the magnitude

of the field cQmponent parallel to G by a factor of approximately 2. Assuming

that the field rotated without a change in magnitude implies a rotation of

60 degrees. This would produce a resultant field with a large radial component

near the equator. Such a field would differ greatly from the geomagnetic field.

It would correspond for example, to an interplanetary field, or a strongly

deformed magnetic tail existing at 24,000 kilometers and lying in a magnetic

meridian plane. The experimental evidence discussed above makes it almost

certain that the Explorer VI was inside the geomagnetic field, particularly at

24, 000 kilometers. Therefore, it seems reasonable to conclude that the

decrease in _ is primarily a decrease _n -__itude_ *_+ _ _n_ r._o

parallel near the equator, and that Z_B(tl in figure 6 is approximatel_ the

_____nitude of the time v_.__n__st_9.rm field near t_e_tic equatorial plane.

Small deviations in field direction can not be ruled out but are not an

essential feature of the arguments presented'__bere.

Since AB is negative, the storm field is southward at _ RE and at

the earth's surface. This qualitative observation implies that the primary

storm current causing the Dst field was not located in the ionosphere, since

the disturbance field above a westward current is directed northward. The

Explorer VI data agree with Vanguard III storm data (Heppmer, Stolarik,

Shapiro, _nd Cain, 1960, 1962) which showed a tendency for the field above the

ionosphere (at 2 RE) to be decreased during the main vhases of several modera=_

storms. If the southward directed storm field waa caused by a ring current,

most of the westward component of the current must have been located at

geocentric altitudes above 4 RE.
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3- The measurements on the magnetic equator at 1 and 4 RE show that the

storm field was strongly dependent on altitude.

The magnitude of the main phase Dst field was _ at 4 RE and only 140y

at the surface. The magnitude of the primary disturbance field at the surface

was actually less than 140yo Earth currents induced by the slow Dst variations

increase the magnitude of the disturbance field at the earth's surface because

such currents tend to exclude the field frQm the earth's interior. ConVersely 3

currents induced in the ionosphere tend to screen the earth's surface fr_n

the primary Dst field. However, the effective conductivity of the total

ionosphere (lO -3 to lO -4 mho/meter) is too small to permit it to shield the

earth effectively from slow magnetic variations. Analysis has shown that

approximately three-tenths of the Dst field is due to currents inside the

earth (Chapman and Bartels, 1940, p. 697 and Dessler and Parker, 1959).

Therefore 3 the primary storm field at 1 RE was 30 percent less than 140y

or approximately 10_.

The Dst field at the surface is independent of longitude. In the

magnetosphere at 4 _ and beyond, however 3 the equatorial disturbance field

may be asymmetric. A ring current could generate a longitudinally symmetric

storm field 3 but if the magnetosphere is tear-drop shaped, or if the storm

field is caused by currents near the boundary 3 the character of the equatorial

disturbance field could differ greatly from one longitude quadrant to another.

The Explorer VI data establish the radial dependence of the equatorial field

in a meridian _hich is almost perpendicular to the earth-sun direction on the

evening side of the earth (see figure l_)o

Since the Explorer VI orbit was apparently confined tc the interior of

the geomagnetic cavity 3 a bound can be placed on the magnitude of the equatorial

disturbance field at 8 R E (Explorer VI apogee) for _s_120°. If the storm
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field was southward at thls distance_ its magnitud_ _st have been less t_

6OT3 the _agnitude of the um_erturbed, n_ directed, geo_m fiel_

This inference is supported by the model calculations which indicate that D

is less than G and is southward at points of observation below the equatorial

plane at 8 RE.

A lo_r bound can also be placed on the equatorial disturbance field

along the evening meridian at greater radial distances if the magnetosphere

is assumed to have extended to at least 8 _ at _s _ 90o. If the storm

field was southward, its magnitude was less than 60T as above. If the storm

field was northward at 8 _ an even stronger dependence on altitude is

implied (see figure 19).

4o At greater radial distances, with the satellite below the equatorial

plane; the characteristics of the storm field agr_ aD_a!_tatively __th mo__el

calculations employing a quasiuniform magnetic field that i_ confined to

magnetic meridian planes. Magnetometer data (BE and _) obtained on August 16,

17, and 183 are shown in Figure 20 in the restricted altitude range from

30,000 to 50, 000 kilometers. The results of a model calculation are also

included. The theoretical calculations are based on a circular current loop

having an infinitesimal cross-section. The source of the field is described in

terms of Ro3 the radial distance from the earth's center to the current, and

I# the magnitude of the current. The results of superl_osing the perturo_tion

field due to this current on the unperturbed geomagnetic field are shown for

a single set of parameters, which correspond to the best fit for each of the

three days. The best fit was obtained by varying R° and I in a systematic

way and choosing the results which most closely approximated B__ and _.

Calculations using the current model applied previously to the non-storm data
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(a l_tudimal curremt located at Ro, having a finite circular cross

sectlomal area _a2, and a total current I) were also carried out. However,

they did not agree with the data any better than the infinitesimal loop, which

can be described by one less parameter. For the present dlscusslon, the

physical significance of the current source is not critical. The filamentary

current loop is a convenient source of a large scale, quasiuniform magnetic

field_ which is symmetric above and below the equator_ and which is confined

to magnetic meridian planes.

5. Inspection of the magnitude data and phase angle data shows that

the storm field is qualitatively similar to the disturbance field reported

previously for non-storm periods (Smith_ Coleman_ Judge, and Sonett, 1960).

The characteristics of the disturbance field during storm and non-storm

intervals as inferred from model calculatlons_ are similar. The storm field

may simply be an enhancement of the non-storm disturbance field.

Studies of the surface geomagnetic field suggest a continuity between

storm and non-storm conditions. In 1916, Schmidt postulated that a ring

current causes the main-phase decreaseo To explain why the surface field

continued to increase slowly for many days following the end of the storm,

he proposed that the ring current was a persistent feature of the distant field.

Recent statistical studies by Chernosky (1962) indicate that the magnetic

storm proper (which is defined in terms of K indices, ioe_ fluctuation phenome_

is part of a phenomenon that persists for at least 5 days.

The satellite data show that the distant field is indeed deformed during

both quiet periods and storm periods. The same general departure from the

extrapolated geomagnetic field is present in varying degrees in all the

analyzed Explorer VI data (19 days and 32 orbital passes).
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Origim of the Large Scale Storm Field

At the present time there are two prevalent explanations for a large

s_ale magnetospheric storm field. One involves a ring current while the

other involves deformations of the magnetosphere by solar plasma. Analysis

of surface measurements has showu that the Dst field is also consistent with

a spherical system of currents located just above the earth's surface_ perhaps

at ionospheric levels (see Chapman and Bartels 1940). The discussion above

rules out ionospheric currents as a possible cause of the primary Dst field.

A ring current has been the common feature of most magnetic storm

t_ories. A toroidal geocentric current loop is undoubted the sL_plest current

configuration that could produce a large scale, quasi-uniform magnetic field

surrounding the earth. Singer (1957) extended Alfv_n's discussion of the

drift motion of particles moving through the inhomogeneous geomagnetic field

J

(Alfven, 1950) in trapped, Stoermer orbits. The spiral motion of the trapped

charged particles about the lines of force is superposed on a gradual drift

motion concentric with the earth. Singer derived particle drift velocities

on the basis of forces exerted by the earth's field gradient_ although his

numerical results i_plicitly included the contribution to the drift caused by

the curvature of the gec_agnetic field lines° Dessler and Parker (1959) derived

an explicit relation between field curvature and particle drift velocity and

called attention to another contribution to the ring current, which had also

J

been discussed by Alfven, namely_ the diamagnetism of the trapped plasma.

These matters are discussed in greater detail in a recent review article

(Smith_ 1962).
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Thus3 the mechanismby which a ring current may be established is well

understood. If plasma becomestrapped in the geomagnetic field, a ring

current will result. Recent advances in ring current theory are directed at

deriw_ti_as af tl_ currents and fields associated with specific models of

the trapped-particle distribution function (Akasofu and C_n_ 1961, Apel,

Singer and Wentworth, 1962, Akasofu, Cain and Chapma_ 1961).

The gBneration of the Dst field within the magnetosphere by hydrc_agmetic

deformation is a modern concept. Piddington has proposed an alternative to

the ring current that involves the formation of a geamagnetic tall pointing

a_ay fram the sun (Piddington 1959, 1960, 1962)° He argues that at the

solar plasma-geomagnetic field interface earth's field lines diffuse into the

streaming plasma and are transported around to the rear of the earth. The

diffusion of magnetic flux out of the magnetosphere could cause a net _ecrease

in field strength. The hydromagnetic redistribution of the geomagnetic field

lines inside the cavity may lead to a disturbance field having the same

symmetry near the earth as the dipole field. At the present time, the

formulation of the magnetic tail theory is primarily qualitative. Quantitative

estimates are available for the shape of the cavity (Harrison, 1962) but not

for the disturbance field inside the magnetosphere.

Both the ring current and deformed magnetosphere theories depend on

stresses involving the geomagnetic field and solar plasma. These two alternatives

may not be mutually exclusive. The basic question is whether the solar

particles or the geomagnetic field lines cross the interface. The mechamlsm

of diffusion proposed by Piddington to remove magnetic flux was proposed by

Dessler and Parker (1959) to trap solar plasma. If the magnetic pressure and

plasma pressure are approximately equal at the i_terface as anticipated, both
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mechanisms may operate. A ring current and magnetic tail may occur simultane-

ously. The recent storm theories of Dungey (1960) and Axford and Hines (1961)

imply both a deformed magnetosphere and a ring current. Dungey invokes neutral

points to get solar plasma into, and out of, the cavity. Axford and Hines postu-

late a viscous-like interaction at the boundary that convects plasma into the mag-

netosphere from the tail. In these two theories, the solar plasma is not actually

trapped in stoermer orbits, but currents equivalent to a ring current develope as

the plasma drifts through the geomagnetic field. This feature of the theories is

similar to Alfven's magnetic storm theory (Alfven 1940) which utilized large scale

_le_trie fields to get the solar partio]es into the e_t.h'S dipole fie!d_

The characteristics of the storm field derived above are qualitatively con-

sistent with the existence of a ring current. A disturbance field that is strongly

dependent on altitude, confined to magnetic meridian planes, and dominated by the

geomagnetic field may be due to a ring current. However, it is not obvious that

these characteristics are inconsistent with a field caused by a deformation of the

magnetosphere. During non-storm intervals the disturbance field detected by

Explorer X (Heppner, Ness, Skillman_ and Scearce, 1962) at geocentric altitudes

out to 22 RE tended to lie inside magnetic meridian planes (Smith, 1962) although

the data are more consistent qualitatively with the existence of a magnetic tail

than with a ring current.

The basic difference between the theoretical alternatives is the presence

or absence of trapped plasma inside the magnetosphere. Therefore, the best _ay to

decide which explanation is correct is by simultaneous particle and field measurements.

The Explorer VI contained three high energy particle detectors designed to

study the radiation zones. Unfortunately, the scientific experiments did not in-

clude a low energy particle detector. The behavior of the high energy particle
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detectors during the storm when compared with the magnetometer data (figure 18)

shows that the trapped high energy radiation particles did not cause the Dst

field. The simultaneous variation of the particle count rates and the magnetic

field shows a general "in-phase" correspondence. The University of Chicago and

University of Minnesota particle fluxes decrease when the field decreases and

they increase when the field increases. This is contrary to the expectation

that the energy of the ring current particles is maximum when the field is mini-

mum_ i.e._ during the main phase, and that the recovery phase is associated with

a loss of particle energy. Although the scintillation count rate increases

slightly during the main phase, the experiment shows an even greater increase

during the recovery phase. This behavior, is also inconsistent with the hypoth-

esis that the radiation particles represent an important constituent of a main

phase ring current.

Low energy particle detectors have been flown on spacecraft other than

Explorer VI.

(i) An ion trap on Lunik spacecraft measured fluxes of particles with energies

greater than 200 ev (Gringauz, Kurt, Moroz, and Shklovskii, 1960). From 20,000

to 55,000 kilometers geocentric altitude the observed particle fluxes are accounted

for by the high energy particles of the outer radiation zone. However, low energy

electrons were detected in the region from 55,000 to 75,000 kilometers. Gringauz

and Rytov (1960) reconciled these measurements with the existence of a current in

the same region of space suggested by Explorer VI and Pioneer V model calculations

(Smith, Coleman, Judge, and Sonett 1960) by using the drift current theory. How-

ever, as Dessler and Karplus (1961) pointed out, it was necessary to assume that

large numbers of low energy (I"20 ev) electrons were present that were not actually

detected by the ion traps.
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(2) The Explorer X plasma probe (Bridge, Dilworth, Lazarus, Lyon, Rossi,

and Scherb 1961) found an absence of protons with energies between 5 and

2300 ev in the altitude range from 20j 000 to i_03 000 kilometers. Simultaneous

magnetometer data showed that the characteristic deviation of the distant

geomagnetic field seen by the Explorer VI magnetometer was present. This

result is consistent with the magnetic tail theory. However_ the observations

were made during a non-storm interval. Furthermore, the plasma probe was not

designed to detect low energy electrons which might be the cause of a ring

current (Singer_ 1962).

(3) Explorer XII low energy proton measurements (Bader, 1962) are consistent

with the results described above. There was a marked absence of protons

in the energy range between i00 ev and 20 kev at geocentric altitudes of less

than 853000 km (13 Re). A substantial flux of i00 kev protons was detected

by Davis and Williamson (1962). However 3 the disturbance field associated

with these trapped particles is small according to calculations carried out

by Akasofu, Cain and Chapman (1962).

To summarize these results_ the plasma data favors the absence of large

numbers of low energy protons inside the magnetosphere. However, information

regarding the presence of low energy electrons is incomplete and the particle

measurements do not conclusively eliminate a ring current as the cause of

the Dst field.

If only the Explorer VI magnetic field data are considered_ the fundamental

problem becomes to derive the current system corresponding to the observed

disturbance field. This general problem has not been attacked theoretically

except for points of observation on the equatorial plane (Apel 3 Singer_ and

Wentworth 1962). However_ the magnitude of the disturbance field detected
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by the Explorer VI m_gnetometer is only known at two points of observation

on the equatorial plane 3 one of which is at the earth's surface (See figure 19).

The alternative problem has received considerable theoretical treatment

i.e._ given the characteristics of the trapped particles_ what are the current

density of the ring current and the accompanying disturbance field_ It is 3

therefore_ possible to perform model calculations based on plausible physical

models. Model calculations can presumably establish whether or not the data

are consistent with the existence of a ring current.

To specify a diamagnetic ring current it is necessary to know the phase

space dansity distribution function of the trapped plasma. Unfortunately_ as

discussed above_ the distribution function is unknown. Consequently_ ring

current disturbance field calculations based on plasma theory have involved

particle distributions chosen because of their mathematical simplicity.

Akasofu and Chapman (1961) utilized a separable distribution function_ n(re) f(_)

_h_re re is the equatorial radius and f(v) is specified by the energy

and pitch angle distribution of the particles, n(r ) was assumed to be a
e

Gaussian function. Apel_ Singer and Wentworth (1962) made similar assumptions

but used a different n(r ). These calculations were carried out for points ofe

observation on the geomagnetic equatorial plane. Furthermore, the calculations

were _ot self consistent [See discussion by Beard (1962)and Akasofu (1962)]_

the particles were assumed to be monoenergeti% and only numerical results

are available that apply to specific particle distributionslocated in definite

regions of the magnetosphere.

In the pas% these limitations_ particularly the inapplicability of

the calculations to satellite trajectories_ led us to employ simple current

models such as the circular current loop dascribed above. The limitations of the
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ad hoc models that were used are obvious from the standpoint of plasma theory.

The circular current loop, undoubtedly, lacks physical significance. The

model consists of a current filament having an infinitesimal cross sectional

area. A real ring current would presumably occupy a relatively large volume

of space. The current density must be low; if the energy density of the

disturbance field is to be less than the energy density of the geomagnetic

field. However, large currents _i06 amps) are required in order to produce

a main phase decrease of 100T.

This expectation is evidently supported by the experimental data at

geocentric distances of 30, 000 km and beyond (figure 20). The altitude

dependence is unsatisfactory and the implict time variation of the field at

the earth does not agree with the surface measurements. Current loops at 45_ 000

to 60, 000 km cannot produce a disturbance field of N i00_ at 1 _ and _350T

(_°i _ for 16, 17, 18 August computed
at _. The equatorial surface field , 2a "

from the parameters appearing in figure 20 are -_0, -125, and -3OT. However 3

the observed fields are -i00, -85, and -1ST, respectively.

Thus_ the usefulness of these particular model calculations is restricted

to the concomittant disturbance field. The field due to the filamentary loop

apparently approximates the actual disturbance field along the portion of the

flight path near apogee.

More realistic trapped particle ring current models have recently been

developed that overcome some of the limitations mentioned above. Akasofu,

Cain; and Chapman (1961) extended the Akasofu and Chapman calculations to

points of observation above and below the equatorial plane. An attempt was

also made to establish the self consistency of the calculations apparently with

encouraging results. The numerical results of Akasofu; Cain; and Chapman
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are comparedwith the Explorer VI data in figure 21. The magnitude of the

disturbance field is proportional to the particle ener_ _ ae_j_-_-÷_r at +_e

distribution maximum,hoE. Twovalues of hoE are shown, 50 and 150 kev em-3

The latter value, which was employedby Akasofu, Cain and Chapman_produces

a region in which the earth's field gradient is reversed. According to Apel_

Singer and Wentworth_ this maybe a possible self consistent field configuration.

The Akasofu, Cain_ and Chapmandisturbance field is obtained by numerical

calculations and the other parameters that specify the number density and pitch

angle distribution functions of the trapped particles cannot be varied. In

this model most of the trapped particles lie between 4 and 8 RE with the

maximumdensity occurring at 6 RE.

Figure 21 showsthat these model calculations also agree qualitatively

with the Explorer VI data. Large values of n E produce the best agreement.o

Presumably, energy densities exceeding 150 key cm-3 are required to produce

the observed _. The computedand measuredphase angles correspond more closely

than the theoretical and experimental values of BI. This suggests that the

variation in the direction of the theoretical field is more nearly correct

than the variation in magnitude. It was noted above that the Explorer VI data

are consistent with a stretching of the lines of force of the geomagnetic field.

We have not attempted to obtain the best fit to the data using the Akasofu,

Cain, and Chapman model. Experience with other models has shown that increasing

the magnitude of the current in order to yield a better fit near 30, 000 to

40, 000 km will cause larger deviations at greater altitudes and higher latitudes.

Furthermore, the Akasofu, Cain_ and Chapman ring current cannot account for

the Explorer VI data obtained near the geomagnetic equatorial plane. The

numerical results applicable to points of observation on the equator show that
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the magnitude cf the dl.t_:rb_ _ , field at 4RE only slightly exceeds its

magnituda at 1 _. A ratio only slightly greater than one is predicted

(see figure 2 of Akasofu, Cain, and Chapman) but the actual ratio was

approximately 3.5 to 1. Therefore, a ring current of this type, centered

at 6_ cannot account for all features of the Dst field.

Our attempts to see if the data are consistent with a Dst field due to

a ring current may be summarized as follows. The Explorer VI data beyond

5RE are qualitatively consistent with ring current fields, although no

specific current model has been found that can account quantitatively for

the observations. However_ the results are ambiguous in that the current

needed to account for the high altitude observations will not produce the large

field decrease that was actually observed at 4R_. The latter n_y mean that

the peak in the particle intensity was located at N 4RE but that there _s

a large current component at altitudes out to 6 to lO RE.

The characteristics of the large scale Dst field may also be consistent

with the formation of a magnetic tail. Theoretical estimates of the disturbance

field associated with such a tail have not appeared in the literature. The

most prominent qualitative features of the resultant field in the usual

diagrams of an asymmetric magrJetosphere are (1) a region in which field lines

that intersect the earth's surface at high latitude cease to corotate with

the earth 3 and (2) a region in which resultant field lines point away from

the earth in an antisolar direction.

The data presented above show that the distant field corotates out to at

least 4 RE. However, corotatlon is expected to persist out to altitudes at

which the field lines intersect the earth's surface in, or near, the auroral

zones. This probably implies that corotation occurs as far out at 7 to 10_.
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It is difficult to use the Explorer VI data to inve_Zigate corotation at

greater altitudes because of the large departures of _ from _G and significant

temporal variations (indicated by the correlation betweenA_ and the surface

field, figure 17).

A field directed away from the sun would produce a phase angle equal

to 180 ° . Although phase angles are observed that have this value, there is

no evidence of a persistent, or recurrent, tendency for the observed field

to assume such an orientation. Since the Explorer VI measurements are

restricted to geocentric distances of less than 8 RE, this result neither

confirms nor contradicts the existence of a magnetic tail.
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Figure 1. Spacecraft Coordinate System

This is an artistic representation of the experiment geometry. _ is

the rotation axis of the spin stabilized spacecraft. The equatorial plane

of the spacecraft is shaded and is perpendicular to _. _ is a unit vector

directed toward the sun and B is the magnetic field vector. The projections

of S and B onto the equatorial plane s_e S_ and B_ respectively. _ is the

angle between S_ and B_. The magnetometer measured IB_I and _ directly.

Figure 2. Block Diagram of the Search Coil Magnetometer

The experiment sensors are the search coil and a sun-sensing photodiode.

The amplifier bandpass was centered at the spacecraft spin frequency.

Automatic gain control extended the dynamic range of the amplifier. The

phase comparator measured the tune delay between zero-voltage crossings of the

search coil sinusoid and pulses that were generated when the sun was within

the narrow field of view of the photodiode. Two independent data processing

systems were employed. Analog voltages were telemetered continuously as

frequency modulated signals. The analog voltages were also .digitized and

binary numbers were transmitted upon ground command.

Figure 3. Projection of the Explorer VI Trajectory Onto the Earth

The geographic position of the spacecraft is shown at radial distances

separated by lO_ 000 kilometers and at apogee. The positions shown are for the

18th orbit which occured on 16-17 August°

Figure 4. Geom@gnetic Activity during the Explorer VI Epoch

Half day _v_rages of the planetary K index, Kp_ are shown for 7 August to

15 September 1959. Half day averages are plotted because the orbital period
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of the Explorer VI was approximately 12 3/4 hours. The major storms are

indicated at the top of the figure. The abbreviations GCand SC6tand for

gradual commencementand sudden commencementstorm. The length of the blocks

indicate the duration of the storm. The b_ocks are dashedwhere uncertainty

exists as to the exact duration.

Figure 5. Explorer VI Field Masnitude Data During the Magnetic Storm of

16-18 August

B& is shown as a function of geocentric distance for 3 orbits o_ 163

173 and 18 August. Values of the total geomagnetic field, IGtota I I_ and the

component perpendicular to the satellite spin axis direction, iG_l , are also

shown. From 3 to 4 R E IGII and iG total_ are approximately equal becauEe

the Explorer VI spin axis is essentially orthogonal to the geomagnetic field

vector. Although the absolute magnitude of the differences between IB&I

and IGAI can be large at altitudes less than 3 earth radii, the relative

differences are small at these low altitudes 3 especially when account is taken

of the quasi-logarithmic characteristic of the magnetometer amplifier. The

_Jeviation between IB_I and I Gj_I at R _ 5_ first noted on non-storm days is

also observed during the storm. Magnitude data (B&) are unavilable during much

of the storm and much of the Explorer VI epoch. When the satellite was at

large altitudes_ it was difficult to obtain good quality ground station r_cords

Because of the dynamic character of the sinusoidal output signal. Most of

the useful magnitude data were acquired by the large radio telescope at

Jodrell Bank, England. Conversely, the frequency modulated signal from the

phase comparator varied slowly over the orbit and most of the phase data was

recovered.

89



Figure 6. Time Variations of the Equatorial Disturbance Field Compared with

Dst Variations at the Earth's Surface

The upper curve shows rib =IBII -IGII near the geomagnetic equator at a

geocentric distance of approximately 4 RE during the first two weeks of

Explorer VI measurements° The data are normalized so that AB = 0 on 12 August

(one of the: magnetically quietest days of the month). The center curve shows

the variation in the intensity of the horizontal component of the surface field

at Huancay% Peru (5M = -0.6o). Daily averages are plotted at 1200 GMr

for each day. The Dst curve for the SC Storm of 16 August is shown at the

bottom of the figure. The Dst curve is the result of averaging the storm d_ta

from 12 geomagnetic observatories and was derived by S. Chapman and S.I. Akasofa.

Figure 7. Phase Angle Data During Storm and Non-storm Intervals

The phase angl% _ is shown as a function of geocentric distance for

orbits on 17 and 27 Augus_ and 4 September. The theoretical angle based on

a spherical harmonic expansion of the surface field is also shown. 17 August

and 4 September were storm days and 27 August was the quietest day of the month.

The planetary Ap indices are given for each day. There are substantial changes

in the character of the large scale deviation, _-_G _ between quiet and

disturbed periods. In addition, during storm periods pronounced small scale

irregular variations in _ occur.

Figure 8. Qualitative Explanation of the Effect of a Disturbance field on

the Phase Angle

The earth, a westward current, and the associated magnetic fields are shown.

The spacecraft location is the point common to the vectors S_ D_ B, and G.

For illustrative purposes we have assumed a simplified geometry in which the

spacecraft, the field lines, and the sun vector_ S, all lie in the plane of
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the diagram. The spin axis, m, is assumed to be perpendicular to the plane

of the diagram. _G is the angle between S and the geomagnetic field vector, G.

is the angle between S and the resultant fieldj B, which is the vector sum

of G and the disturbance field 3 D3 caused by the westward current. Note that

is less than _G' a qualitative feature of the Explorer VI data.

Figure 9. Phase Data Obtained durin_ a Magnetic Storm (odd numbered passes 1

The phase angle, _, is shown as a function of geocentric distance and

universal time. The theoretical phase angle for the unperturbed geomagnetic

field, _C_ is also shown. @M is the angle between the Explorer VI spin axis and

the local magnetic meridian plane (see figure 13). h s is the angle between

_ _j=_ _- _._ _pac_cr_ft r_dius a_d the earth-sun direction onto the

geographic equatorial plane (see figure 14). The arrow marked 8M = 0

indicates where the spacecraft crossed the geomagnetic equator. Data is shown

for two orbits, _umbers 15 on 15 August and number 17 and 16 August. The odd

numbered passes are presented together because their trajectories are similar

in gec_agnetlc coordinates. I _ is the sum of the planetary K indices during

the 12 hours of each orbit. Note that the agreement between _ and _G at low

geoeentrlc altitudes represents a calibration check on the phase comparator

data at high altitudes, where large deviations frc_ the gecmagnetlc field

direction are observed.

¥igure lO. Phase Data Obtained duri_tic Storm (odd numbered

The empirical phase angle and the theoretical angles presented in

figure 9 are shown here for pass number 19 on 17 August and pass number 21 on

18 August.
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Figure ll. Phase Data Obtained During a Magnetic Storm (even numbered passes)

The phase data and theoretical angles are presented for the two even

numbered passes on 15 and 16 August.

Figure 12. Phase Data Obtained During a Magnetic Storm (even numbered passes)

The phase data and theoretical angles are presented for two even numbered

passes on 17 and 18 August.

Figure 13. Representation of the Angle; @M

The unit vector, eB, gives the direction of the geomagnetic field, eR

is a unit vector passing through the center of the earth and the instantaneous

A

location of the spacecraft, n is the unit normal to _he local magnetic meridian

plane, i.e._ the plane of the geomagnetic field line. @M is the angle

between the normal to the magnetic meridian plane and _, the spacecraft spin

axis. @M is useful in determining how sensitive the magnetometer is to

disturbance field components lying inside, or perpendicular t% the magnetic

meridian plane.

Figure 14. Representation of the angle; h s

The sun-earth direction and Explorer VI radius vector ar_ projected

on the geographic equatorial plane, k s_ the angle between these projections 3

describes the instantaneous orientation of the spacecraft with respect to

the solar direction. The projected Explorer VI orbit for 16 August is shown

as an example. The solid portion of the orbit lies above, and the dashed

portion of the orbit lies below_ the equatorial plane.

Figure 15. Geomagnetic Latitude of the Spacecraft (odd numbered passes)

The portion of the Explorer VI orbit between radii of 20,000 and 48,000

kilometers is shown for passes 15, 17, 19 and 21 on 15-18 August. The
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triangle (digital data) and circles (analog data) mark the positions at which

data used in figures 6 and 17 were obtained.

Figure 16. Geomagnetic Latitude of the Spacecraft (even numbered passes)

This figure contains the trajectory in spherical coordinates (geomagnetic

latitude and radial distance) for passes 16, 18, 20, 22 (15-18 August). The

circles mark the Explorer VI location where the data used in figures 6 and

17 were obtained.

Figure 17. Temporal Variation in the Phase Data at 40_ 000 Kilometers compared

with the Surface Field

_-_G is the phase angle deviation, observed minus theoretical (corresponding

to the unperturbed geomagnetic field). _-_G is shown during the storm

interval, 15-18 August. Each Explorer VI datum was obtained at a geocentric

altitude of 40,000 kilometers irrespective of geomagnetic latitude (see

figures 15 and 16). H is the variation in the hourly values of the horizontal

intensity at Huancay% Peru. The surface data shownare the average valtms of the

horizontal component for the hour during which the Explorer VI data _re

obtained. The 3 hour K index, inverted so that K increases downward, is shown

in the lower third of the figure. Note the correspondence between var_tions

in the surface field and in the field direction at _E (40,000 km). Two

storms are superposed. A gradual commencement storm that began 15 August was

in the recovery phase when a sudden commencement storm began on 16 August.

Figure 18. Comparison of E_uatorial _gnetic Field Variations at 4_

Simultaneous Variations in the Three Explorer VI High Energy

Particle Detectors

The time dependence of the peak counting rate per orbit of the scintillating

crystal detector (STL) appears at the top. The variation in the counter
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telescope (Univ. of Chicago) peak caunti_g rate is shown as the next lower

curve. The maximum count rate per orbit obtained by the Geiger counter

(Univ. of Minnesota) as a function of time is given by the next lower curve.

The magnetameter data appears at the bottom of the figure. The same data

appears in figure 6.

Figure 19. Radial Dependence of the Disturbance Field Inferred frc_ Satellite

and Surface D_ta

D is the difference between the magnitudes of the measured field, B 3

and the unperturbed geomagnetic field, G, for points of observation on the

geamagnetic equator. The main phase decrease at the surface is lOOT when

corrected for currents induced in the conducting earth by the slow Dst

variations. The main phase decrease at 3.75 RE is 350[ as discussed in the

text. The three values appearing at 8 RE (approximately Explorer VI apogee)

corresponds to the vanishing of the D field (D = 0), to a disturbance field

that just cancels the unperturbed geomagnetic field (D = -60y), and to an

arbitrary positive disturbance field equal to the magnitude of the dipole

field at 8 RE (D = 60T). The latter three points show the apparent, strong

dependence of D on geocentric altitude_ However, a dependence on longitude,

or solar orientation_ could be implicit.

Figure 20. Results of Model Calculations Em_lo_in_ a Circular Current Loo_

Compared with Explorer VI Data.

B& and ¢ are shown for 3 passes on 16, 17, and 18 August. G& and _G

(dashed lines) are also shown. The solid lines are theoretical values of B&

and ¢ at the instantaneous position of the spacecraft obtained by vector

addition of the ge_nagnetic field and the disturbance field _ue to the

circular current. The current loop is specified by Ro, the distance of the
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loop from the center of the earth, and I, the total current. The numerical

values of R and I give the best fit to the data based on a qualitative
O

comparison. Note the similarity between R and I and the corresponding best
O

fit parameters obtained previously for Explorer VI and Pioneer V data during

non-storm intervals. The physical significance of the current loop is

discussed in the text.

Figures 21-a and 21-b. Comparison Between the Akasofu_ Cain, and Chapman Ring

Current and the Explorer VI Storm Data.

Figure 21-a shows the Explorer VI data for the transverse field component,

B1, between 50,000 and 48,800 km on 16, 17 August. Figure 21-b shows the

corresponding phase angle data. G1 and _G are also plotted. Theoretical

values of B1 and _ at specific geomagnetic latitudes were computed by trans-

forming the disturbance field associated with a model ring current (Ak_sofu,

Cain, and Chapman, 1961) into thesatelllte frame of reference. The two values

of noE, the kinetic energy density of the trapped plasma at the peak in the

-3
radial distribution function, are 50 and 150 key cm
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CHAPTER III

PIONEER V DATA REDUCTION AND ANALYSIS

by

Eugene W. Greenstadt
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I. INTRODUCTION

Most of the results of this year's investigation of the Pioneer V

record have been discussed in the first and second Quarterly Progress

Reports previously submitted under this contract (References l, 2, and 3).

For convenience, the findings are enumerated in Section IV of this chapter.

During the latter half of the year and particularly during the final

quarter, attention has been directed to the existence of a relative change

in the low or undisturbed interplanetary field level which appears to

have occurred during the two month data acquisition period. In the course

of preparing a compilation of the low level Pioneer V data for this study,

several disagreements were found between the raw data listed on computer

printout and the plotted and tabulated readings, presumably taken from

that printout, which have heretofore served as basic material for all

the published reports on Pioneer V results. It was therefore decided to

re-examine the raw data carefully with the aim of producing a recount of

the Pioneer V magnetometer record where necessary.

As of the writing of this report, neither task, recount of the raw

data nor analysis of the undisturbed field has been completed. Sections

II and III will review the present status of these activities.

II. DATA RECOUNT

The original reduction of Pioneer V raw data was performed during

and shortly after the flight itself, under the pressure of diverse con-

flicting commitments and in the atmosphere of forced urgency that still

permeated the space program in mid-1960. It is not surprising, therefore,
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that occasional discrepancies are to be discovered Jn this lengthy accumu-

lation of data whose reduction would be demanding under the most unhurried

circumstances. Although great change in the overall record is not expected

to result from the contemplated recount of data points, a reliable analysis

of such relatively subtle effects as a low-level variation require production

of a concise reference compilation faithful in detail to the raw listings.

About 70 percent of the data has been checked or recounted at the

time of writing. Most of the existing figures have remained unaltered,

but in a few cases early in the record, major revision of tabulated values

has been required. Table I shows two of the more extreme examples of

transmissions in which the recount is substantially different from the

previous result. In the table, "Transmission Numbers" refers to the

sequential order of each payload on-time, and "Mid-range Field Value"

refers to the center of the range of magnetic flux densities represented

by each digital reading, when evaluated in an assumed temperature of 50°Fo

It has already been proposed that compilation of the Pioneer V

magnetometer data be funded (reference 4) and we plan to complete the

recount for inclusion in a proposed Pioneer V compendium. Spot check

comparisons between revised data averages and the original versions

indicate that drastic alteration of the previous data pattern does not

occur and that, in particular, the apparent variation in low-level field,

whose investigation motivated the recount, will still be in evidence.
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TABLE I

Samples of Revised Pioneer V Data Count

Date

15 Mar.

16 Mar.

Wrans -

mission

Number

27

32

Digital

Reading

28

27

25

24

23

21

Mid-Range

Field Values (r)

Previous I

13.25

8.0

3.88

2.70

2.55

2 .o4

Revised

13.25

8.6

3.88

2._

2-59

2.o4

8.6

3.88

2.70

2.39

2 .O4

Number of

Readings

Average Field

Value (7)

All Readings

l:_eviousIRevised

6.02

27

25

24

23

21

8.0

3.88

2.70

2.39

2 .O4

Previous Revised

1 1

61 77

53 998

i 2

2 2

i i

117 674

65 140

2 2

1 1

2 2 6.42

4.22

7.75
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III. LOW LEVEL FIELD STUDY

Preliminary evidence from the magnetometer of s_ace probe Pioneer V

showed a tendency for the measured field component, in the absence of

transient disturbances, to remain at a rather constant field value of

around 2.7 gamma (Reference 5). Subsequent examination of the data

in greater detail, however, has indicated the presence of a slow varia-

tion during the recording period, which may be due to solar influence.

The possibility of a systematic quiet, or low-level field varia-

tion was first suggested by a characteristic of the plot of smoothed

satellite data used in demonstrating a correlation between payload

measurements and geomagnetic disturbances. The curve referred to

(Figure la) consists of a series of undulations whose maxima occur

in conjunction with both geomagnetic storms and elevations of the

smoothed planetary magnetic index (Reference 6). If maxima of the

interplanetary curve represent disturbed periods then it seems reason-

able that minima should correspond to undisturbed intervals. On this

assumption, then, the history of the minimal values, shown in Figure ib,

suggest that a gradual modulation of the quiet field may have been

present. Figure ic is an alternate representation of the evidence,

showing a history of the minimal values of another plot (not shown)

of the field corresponding to the average of the two most common digital

readings each day.

To assess the validity of this result, a variety of possible repre-

sentations of the "quiet", or "undisturbed", readings have been examined.
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Since high readings seem to be definitely associated with stormy inter-

vals, field values low in absolute value form the basis for the chosen

criteria of disturbance-free conditions.

The most straightforward approach to a definition of quiet periods

is to select intervals during which no storm-was reported and for which

the interplanetary field remained at low values. In this context, the

points of Figure ib and c represent relative minima in ambient field,

occurring between periods of relatively higher field, the latter pre-

sumably corresponding to the presence of greater disturbance.

A second rep_enta_on of the quiet field can be obtaiu_d by pro-

ducing a history of all readings below some preselected field level,

since the raw magnetometry data from Pioneer V was frequently characterized

by interspersion of low readings during storms and of relatively high

values during otherwise normal intervals. Since magnitudes above five

to seven gamma seemed to be associated with disturbances, values at or

below these figures can be used as criteria for dividing disturbed from

undisturbed data. In Figure 2a, for example, are plotted the (smoothed)

daily averages of all mid-range readings of 3.88 Y or below. It is seen

that this curve retains the sharp minima of 23 March and 20 April, seen

in the previous figure, but at the same time shows much additional

detail impossible in the previous representation.

A third technique can be imagined for selecting undisturbed read-

ings. Points occurring in those periods during which the measured field

remained essentially constant, with little or no fluctuations or with
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peak to peak fluctuationconfined to some predetermined limit, can be

averaged. Unfortunately, this approach is unfruitful because of a

difficulty inherent in the instrument calibration. All data were

recorded as digital numbers, each number represent2ng a range of

magnetic field values. The range corresponding to each number

increases greatly with higher numbers and with higher fields, so that

the only situations in which the data can be tested unambiguously for

absence of large fluctuation are those in which the ranges and hence

the field levels themselves are small. Consequently, the _pplication

of this criterion produces a result which is essentially a duplication

of the relative minima of Figure l, and therefore has not been repro-

duced separately here.

The fourth and last criterion of field quietude considered is

related to the probability of detecting random or irregular changes in

ambient field regardless of actual extreme values attained during any

period of agitation. This measure consists of finding the ratio of the

number of points above some preselected field level to the total number

of points both above and below that level. Results of applying this

criterion produce a curve similar to, but w_th sharper features than

those of 2a.

Before placing faith in the evidence of ambient field change

offered by Figures 1 and 2a, it m_st first be asked whether the observed

effects could have been instrumental in origin. If the presence of some

unknown and undefing01e electronic caprice is omitted from discussion,

there are basically two possible sources of the kind of gradual varia-

tion recorded: temperature change within the spacecraft and a modifi-

cation of payload spin frequency during the data period.



An examination of the magnetometrydata themselves offers reason

at once to doubt any extensive influence of either factor. If the

apparent tendency of recorded field values to drop to low levels

around M_rch 22 and April 20, with higher readings before and after

each of these dips, is to be accepted, then it seemshighly unlikely

that the temperature would suffer just this kind of variation and al-

most inconceivable that the payload spin frequency would manifest such

behavior, with its implication of no less than two mid-course increases

in spin rate'

Examination of actual data from each of the temperature sensors

carried by the vehicle bears out the inference that this factor was not

influential. Not only is the shape of each temperature carve unlike

that of the magnetometry graphs, but the temperature exhibited a gradual

inclination to increase during flight. According to the magnetometer

calibration, the latter effect would have produced a similar overall

rise in field readings (for assumedconstant ambient field), which is

exactly contrary to experience. Wefeel this factor can therefore be

neglected.

The influence of a change in spin frequency is not quite so easily

disposed of by reference to direct measurementbecause no record similar

to that of temperature exists, and the necessary re-runs of magnetic tapes

to attempt an estimate of spin rate from the antenna pattern variation

in signal strength have not yet been carried out. The above indirect

reasoning excluding reversals in spin rate trend, however, seemsto
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exclude any possibility of an effect on the data that would tend to

produce the pattern with which we are presently concerned. It is

tentatively concluded, therefore, that the apparent slow fluctuation

in low field level, with two dominant minima around 22-23 March and

20 April, was a real feature of the measuredambient field component

during the Pioneer V flight.

If the apparent changes in the con©onent of resident interplanetary

field measuredby Pioneer V cannot be unambiguously credited to internal

behavior of spacecraft instrumentation, then it seemsreasonable to ask

whether the observed variation can be imputed to the state of the pay-

load environment. Confirmation of the payload curves and someclue to

the implications can therefore be sought in other concurrent measures

of interplanetary conditions. Other direct measurementof the extra-

solar ambJumare of course not avaJlable_ but it seemsreasonable to

investigate simultaneous data on solar and terrestrial activity,

especially in view of the 28 day interval separating the two predominant

dips in measuredfield magnitude°

The general lack of correlation between low-importance solar

activity and disturbed geomagnetic conditions has been repeatedly noted

in the literature (Reference 7), so that Jn this case attention has been

directed first to various criteria of solar conditions themselves. Since

this study is still in an incomplete, Jf not preliminary stage, extensive

comparisons are not available for this report. Figure 2, however, offers

evidence that this approach will eventually be fruitful. Figure 2a
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has already been described, while 2c and d repeat curves b and c of

Figure i, respectively. Figure 2b is a representation of coronal

green line intensity projected to central meridian for the period in

question (Reference 8). The coronal index was chosen in this case

because its slowly changing nature lends itself easily to comparison

-with the ratlher crude versions of payload magnetic data in 2c and d,

and because the only other readily availatle indices of gross solar

activity, i.eo sunspot numbers and i0 cm emission, exhibit patterns

quite different from the satellite curves.

____edelay between sun _ud satellite cs_ be seen by noting the

displacement between the horizontal (time) coordinates of 2b and the

remaining curves. This "best fit" delay of around 8.5 days corres-

ponds to a sun-spacecraft "velocity" of approximately 200 Km/sec,

not utterly inconsistant with a generally accepted quiet solar wind

of 200-300 Km/sec (Reference 9)- Whether such an assumption of phy-

sical connection between coronal streamer intensity and ambient field

as is implied by the terms "delay" and "velocity" is justified remains

to be determined° It is equally possible that. the magnetic variations

are in reality correlated with solar features bearing some regular rela-

tionship to green line enhancement, but not occurring at the sub-

streamer heliographic longitude. Such displaced or anticorrelations

are kno_1 to exist i.n the case of M-region storms, for example.

At present the best approach points toward an effort to find a

similarity between some of the more detailed characteristics of the

111



low level data as represented in, say, Figure 2a or its equivalent, and

some finer measure of solar activity than coronal index, e.g. plage area.

IV. SUMMARY OF THIS YEAR'S PIONEEP V RESULTS

i. Pioneer V data taken during Polar Cap Absorption events showed no

apparent connection between payload and PCA disturbances, thus

obviating the likelihood of ambiguity in the correlation of payload-

terrestrial magnetic storms, and tentatively excluding the existence

of gross magnet:ic field effects associated with traveling PCA

particles.

2. Investigation of Pioneer V telemetry sampling parameters indicated

that major characteristics of the magnetometry record are inde-

pendent of telemetry on-.time and of digital bit-.rate.

3. Relatively sharp, _ndividual magnetic disturbances in the inter-

planetary region are caused by specific chromospheric flares°

4o Minimal flare size for a significant magnetic disturbance (five

to seven gamma or more) was 3 to 5 square degrees at the 1960

level of the sunspot cycle, and with an importance designation 14.o

5. Average flare disturbance travel time from the sun to a distance

of i AoU. is around 40 to 50 hours, with mean propagation

velocities from individual flare sources to the satellite of

750 to 1150 Km/sec.

6. Interplanetary magnetic disturbances are associated with the type

of plasma cloud to which geomagnetic storms are ascribed, but

unless of considerable duration, do not necessarily correspond to

geomagnetic events.
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7- Interplanetary disturbances generally have a duration one half day

or less, implying radial dimension of approximately 0.5 A.U.

8. Separation of "disturbed" from "quiet" field readings in the Pioneer

V data suggests the existence of trends in each not as evident in

the comprehensive averages where all data points are included.

Disturbed v_lues correlate well _-ith high velocity flare and

magnetic storm activity, while low level readings show a possible

solar rotation periodicity, suggesting a connection with under-

lying solar conditions, possibly at great delay between sun and

satellite.

V. REFERENCES

i. Quarterly Progress Report, "Reduction and Analysis of Explorer

Vi and Pioneer V Data", Contract NAS w-270, November 13, 1961.

2. Second _arterly Progress Report, "Reduction and Analysis of

Explorer VI and Pioneer V Data", Contract NAS w-270, Febraa__y 20, 1962.

3. Third Quarterly Progress Report, "Reduction and Analysis of _plorer

VI and Pioneer V Data", Contract NAS w-270, May 15, 1962.

4. "Continuation of Reduction and Analysis of _plorer VI and Pioneer V

Data Volume I: Technical Plan", Proposal 0609.03, Contract NAS w-270,

19 October 1962. Prepared for submittal to NASA°

5- Coleman, P. J., Jr., L. Davis, Jr., and C. Po Sonett, "On the Steady

Component of the interplanetary Magnetic Field: Pioneer V", Phys.

Rev. Letters, 5, 43-46 (1960)

113



,

°

9.

Greenstadt, Eo W., "Magnetic Stores in Interplanetary Space as

Observed by Pioneer V 'r, Nature, 191, 329-33± (1961)

Hansen, Richard T., Constance S. Warwick, and Marion B. Wood,

"Studies in Solar Geomagnetic Relations i. Optical Criteria",

NBS Report 5570, National Bureau of Stamdards, Boulder Laboratories,

Boulder (May 12, 1958)

Henderson, De Ar_iiss, "Integrated Zndices of the Solar Corona 1960",

Report No. HAO-57, High _l_itude Observatory National Center for

Atmospheric Research (15 June 1962)

,>c JageY, Co, "Emission of Gas from the Sun". paper _resented at

COSPAR, Washing%os, D oC. (_y 1962)

114



2O

16

IA.

" (o)
11

/"\

0,2....._G'" }4' _ ,_ _,
MARCH APRIL

X

3
u.

51-

4 __ (b)

I I I I I I I I I I I I I I I I I I I i I I I I I I I I I I I I t I I I I I I I t I I I I I I I I I

12 20 28 5 13 21 29

MARCH APRIL

6 -

i
5_-

1

0 I I I I I | I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I a I
12 20 2B 5 13 21 29

MARCH APRIL 1960
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c) Lower envelope of _aily mean of two mos_ frequent mid-range field

values.
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CHAPTER IV

AN INVESTIGATION OF SIGNAL FADING IN EXPLORER VI

AND PIONEER V TRANSMISSIONS

by

R. C. Gore
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I. I_fRODUCTION

The Explorer VI satellite, deslgnated internationally as 1959 @i' WSS

successfully launched August 7, 1959, into eun orbit of period 768 mino wlth

a perigee height of 157 miles, an apogee height of Z6,366 miles and an

inclination of 47 ° . From time of launch until October 2, 1959, telemetry

data was transmitted by the satellite upon command from ground tracking

stations° Difficulties in the transmission of this telemetry data were

often occasioned by extremely deep fading in the slgnal strength° Further

investigation of these occurrences indicated that they occurred somewhat

systematically in time and position, and hence a more thorough investigation

was undertaken to clarify the nature of these signal strength fluctuatlons_

Telemetry signals from Explorer Vl were transmitted on FM subcarrlers

by three trs.nsmltters in the satellite: two 80 milliwatt VHF transmitters

broadcasting at 108o06 mc and 108009 mc; one 5 watt UHF transmitter broad-

castlng at 378 moo Figure 1 shows a record of the normal VHF signal strength.

The UHF transmitter could only be utilized for short periods due to its large

drain on the power supply; VHF transmiss_-on was essentlslly limited only by

the visibility of the satellite from a ground station° Primarily three

different ground stations located at M_unchester; Hawaii and Singapore were

used for communicating with the satellite° Due perhaps to its geographic

location or to the times of observation the station at Manchester, England,

reported no fading of the type under investigation, Hawaii and Singapore

ground stations both reported deep signal strength fading.

The ground station at Hawaii was located at the southernmost point in

the Hawaiian Islands at South Point on the Isl_nd of Hawaii° From the station
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location there was an unobstructed view of the ocean and horizon from

about 60° east of nor+_h around to the south of 3OO ° east of north° Volcanic

mountains shielded the station from the nearest sizeable towns of Kai/u_

and Hilo, each of which is ab_at 70 miles from the station site, hence,

there was very little man-made radio interference. The antenna used

primarily at the Hawaii station was a 60 foot parabolic antenna mounted

at the top of a 70 foot tower of steel and concrete. This antenna could

be rotated through an azimuth of 360 ° and through 95° in elevation° At

108 mc the full ½ power angle of the antenna pattern was llo 2° and its

first side lobe peak was 19° from the axis° The overall gain of the main

lobe was 23.3 db with the gain of the first side lobe some 20 db lower.

At 378 mc the antenna gain was 35 db with the first side lobe's gain

approximately 20 db l_er; the _ power angle was B° and the first side lobe

was at 5°. In addition to the parabolic antenna, a square pattern of four

helical-array axial-mode antennas was arranged centered on the parabolic

antenna; each of the helical-array antennas consisted of an array of four

helices. The array had a gain of 19 db over an isotrDpic ar,tenna and a

beamwidth of 30°o In addition a lO0 foot high antenna calibration tower was

located 13OO feet NW of the parabolic antenna and was used to calibrate all

the receiving antennas° The Hawaii station had a complete dual receiving

installation consisting of a pair of phase-lock receivers which could

receive 108 or 378 mc signals, two Ampex tape recorders, two Sanborn

galvanometer recorders and a double set of voltage-controlled oscillators.
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This dual installation allowed simultaneous recordings of telemetry from

two frequencies° The Sanborn recorders were Model 150 8-channel galvanometers

capable of recording signals from d-c to about 50 cps at paper speeds from

0°2 to 100 m_/SeCo The phase lock receivers were used to amplify and

demodulate the telemetry information and were capable of locking onto

signals of -155 dbm or better.

The Singapore station was located 5 miles north of the city and was

equipped with a single helical-array antenna identical to the array antennas

at Hawaii° The ground station instrumentation, as at Hawaii, included a

phase-lock receiver, Ampex tape recorder and Sanborn chart recorder.
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II. DESCRIPTION OF FADLNG OCCURRENCES

The fading in the signal strength of the 108 mc transmitters was

often, but not always, _itiated by a low frequency nearly slnusoidal

variation in the signal level with a period of about lO - 30 seconds.

Within several minutes these cscillatlons would deepen in amplitude, in-

crease in frequency and lose their regularity until the signal level was

behaving in an eBsentially random fashion with departu-.es from the

average signal level of as much as 15 dbo Signal strength fading of the

378 mc signal, when observed, occurred simultane(:usly with the VHF fading

_oi_........._+a _,o_ _,J_ the fading smplitude _w the 't_._signal was comparable +_

the VHF amplitude, but the frequency of fading of the URF signal was

considerably lower than the VHF signal so that in general the UHF signal

level was smoother°

The Explorer VI satellite was designed partially as a test vehicle

for various concepts of space communication and it was for this purpose

of testing the transmission system that the signal strength was originally

recorded° Initial investigations into the nature of the fading were under-

taken primarily as an adjunct to the cc_tuuication test philosophy; the

possible value of the signal strength record as a source of ionospheric

information was not fully considered until after the complete failure of

the _atellite transmitters° As a result the signal level was rather

infrequently calibrated and, consequently, later quantitative analysis

was rendered difficult. Additional complexity was introduced by the fact
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that the calibrations which were made showed the scale to be nonlinear

in amplitude aud/or power and somewhat unstable between calibrations° As

can be seen from Figure 2 an average calibration curve could be obtained

with an uncertainty of approximately 3 db at the higher signal levels and

5 db at the lower signal levels, i.e., below - 140 dbmo This uncertainty

was felt to be sufficiently small to at least permit semiquantitative data

reduction° The resultant of these factors is a large smount of semiquantl-

tatlve and qualitative data which was not primarily intended for ionospheric

investigation but which nonetheless seemed possibly related to ionospheric

phenomenon o

The UHF transmitter could only be utilized for limited periods,

consequently, the majority of the data available relates only to VHF

signal fading° The VHF fading characteristics will, therefore, be

described first and then the relatively minor amount of UHF fading will

be contrasted with it. Fading at VHF was frequently characterized at

onset by an apparent low frequency oscillation in the signal strength

envelope° The frequency of this initial fading might vary between 4 -

lO cycles/min_ however3 the amplitude would occasionally be comparable

to that of later higher frequency fading rates o In this type of fading,

the signal appears quite regular and the modulation of the signal

strength due to the spin of the satellite is seldom obscured, see

Figures 3a and 3bo This slower type of fading would persist for a

period of time of between 2 - 15 minutes after which time the regularity
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of the fading would be obscured by highly erratic_ high frequency, large

amplitude fluctuations in the signal strength which in some records seemed

to be superimposed over the more regular preliminary fluctuations° Equally

frequently, the fading would begin immediately to exhibit the high f1_quency,

erratic behavior with little or no preliminary slower regdlar fading, .see

Figure 4o Tne high frequency fading would persist for long periods frequently

to the end of the tracking peri¢_d_ see also VHF record in Figure 5o In-

terruptions in the fading during the tracking w¢;ald occasionally be noted

but persistence of the fading af%er onset to the end of trackir_ was more

characteristic of this phenomenon° When the fading terminated while the

satellite was still transmitting to the ground _tation, the slower regular

type of fading was often noted after the high frequency fading terminated°

The maximum amplitude of the high.,frequency signal level fluctuation is

estimated to be rou@nly 20 db; _ignal level _uctuatic_ns greater than

4 db were often characteristic of this fading° Fading rates observed during

the higher rate fading varied from lO cycles/mln t_ approximately 50 cycles/min

and occasionally reached the vicinity of lO0 cycle_/mln with mn average of

approximately 30 cycles/mino No difference was noted _n the character of

the fading encountered at Singapore and Havaiio

Although data on fading during U_F tY_a.nsmission_ i_ somewhat

limited; sufficient information is available to discern an es_ential
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difference in the nature of the iBding s1 L_' to that at, VHF_ Occurrences

of fading at UHF were only ncted during _er-icd_ cf f_ding at VHY:; h_..,wever,

a no._nal transmission a% UHF wa_ noted c_r_cu_-rentiy _ith severely fading

signal levels at VKF_ Co_kcur.rent tran_.missions at bq_2_ and VHF were not

sufficiently numeroue to provide a clearer pict',_1,eof the mutual occur-

f_eq_,_ncl .... A _m_ry cf _ _'-_= a _ 'rence of fading at the two _ _-o ,.°_

samples studied of concurcentl t:ansmissions Is given in Table I, which

shows rather clearly the comparative cDm.racter of the two types of f-_ding:

UHF fading meas,lred in a_;,litude of the total f!_Ict_)a%_ion in db is corn=

parable to the to!s! fl_!c!.u.81.ienof ihe V_5 however_ the _ _ho%_s a

significantly more regular and lower rate of fading than the VHF fading,

see Figure 5o UHF transmissions at Singapore were made ,during quiet

periods on the VHF and the available dale s.howed no fading at UHF at

Singapore

As a check against possicle mslf_uctlon of the transmitters on _he

satellite causing the fading_ t.he _'ecord_ were e__ined for- _eriods

t,a_mL._n,_, were _im_Itaneou__iy _ecei_ed at SiL-_aporeduring which _ r,_ °=-_

and Hawaii,. On - _-_ "_ev._-a_ of the_e re_.e_ f_..ding ws._ found to have occurred

at one of the two statlons_ however_ no fading wa_ fo_znd to occur simui=

°taneously a '_both statlons_ Yh.e_,_fore_ _ conclusion follo_s that

transmitter mal_'_nct._,on cannot ac,[ount for the fading observed°

At the time when the f_ding wa_. _=_'+ encountered while tracking

_l at Hawali_ unexpecte.d/y severe Fs _aday ro+_a_ien was hypothesized1959

as the cau__e. In an attempt to alle%ia{_e the fBdlng_ reception was

t.ransferred from %,he parabolic _-_oa_._n_ which was in principal use° to
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Time

TABLE 1

C_MPARISON OF VHF AND U_ FADING CKABACT_IS_fICS AT HAWAII

VHF

to peak ampll-
tu_ (Ira)

August 15, 1959 UHF
Freqo Fad'g Average Time MBxlmum pea---k

(cycles/mln) Signal (GM_) to peak ampli-
Level tude (DB)
(raM)

Freqo l_d'g Average
(cycles/mln) Signal

Level

(DBM)

148

149

_120

I121

1054

1o55

16

19

19

28 = 30 -141

26 - 30 -144

18 - 82 -145

$
1149

1120

ll21

1054

%
1o55

i0

10

i0 - 12 -109

8 -].o9

lzo5 7 - 1o -1o9

August 182 1959

3733

o7½4
19 40 -139

0957

9_58 19 43 -143o

Izo_o

lo__ 22 31 -145I
11033

lo311±4 16 43 ®147

0733

0957

0958

16.5

24

1020

4°5
1021

lO33
Z7o5

25 -114

34 -113

9 -i12

28 -,114

August 19, 1959

O9OO

0901

0924

0925

.14

9

lO

18 - 20

1o - 3-5

25 - 35

.141

-141

-141

O9OO

0901

0943

16

5_5

22

5-7

8 - i0

15 - SO

-134

-132
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the helical axlal®mode antenna arrays which could receive the signal in

either rlg_t- or left_clrcular polarization modes° No essential alle_

viatlon of the intensity of fadir_ was attained by uslr_ antennas receiving

circularly polarized signals i_+_ad of antennas with preferred plates of

polarization. The fading was, therefore, not attributed to Faraday

rotation although anomalies in the _te of Faraday rotation were observed,

but not recorded, by tracking personnel°

Four days, when fadlr_g was kno-_n to occur_ were chosen for more

intense st,_-dy_ A_ast 15, 19, 30 and September 3o For these days the

data on fading at Hawaii was sampled evenly throughout the period of

fading_ generally samples were spaced roughly 6 minutes apar_o At the

times chosen, the fading rate was estimated by counting the number of

peaks in the signal level fluctuations during one minute,, The maximum

amplitude of fading was estimated by measuring on the Sanborn chart

the maximum departure from the average signal level_ this fluctuation

was normalized to provide what might be termed a fading index by

dividing the maximum fluctuation by the d/stance on the Sanborn chart

from the average signal level to the zero signal level° Even though

the signal level is a non-linear function of distance on the Sanborn

chart, if _he assumption is made that the relationship between signal

strength S and distance on the chart, D_ is a simple power law S o< Dn,

then -_- = n _ so that the fading index is a simple multiple of the

normalized signal fluctuation° A value for "n" of n _2 was found to

provide reasonably good conformity _th the available calibration data.
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The fadln_ rate and fading index were plotted as lhmctlons of time of

occurrences, see Flgure_ 6 and 7_ A maximum for both curve_ is found to

occur roughly at 0830 GM_ and no fading was fo°_ad before 0600 GMT or

after lll5 _MI/ on the days examined_ The other data at _waii, and

Singapore supports the result that this fading is limited to the periods

around sunset and early evening at the ground station (0600 OMr is 8:00 pomo

Hawaiian local time)° Tracking data from the ground station provided the

elevation ar_le above the horizon for the times sampled° From this data, Fig=

u__e_ _ and 9 _ere m_,de by plotting the fading rate and index a_ainst _he

elevation angle_ Except for a possible, weakly defined maxi_im in the

vicinity of 15° above the horizon, no correlation seems evident_

The velocity at which the line-of-sight from the station to _atellite

proceeds through the ionosphere at 300 km above the earth was estimated

by computing the geocer_tric angular rate of the point defined by the

intersection of the line-of-slght with the 300 km elevation surface_

TD_e fading rate was dete_nined for tlm_:s at _hich the geocentric angular

rate of the ray was computed for data from both Hawaii and Singapore; the

resulting plot, Figure i0, shows no apparent correlation between the

velocity of the ray through the ionosphere and the fadlr_ zate_

The general distribution of the fading was obtained by searching

all the available records and noting the time and severity of %he

occurrences of fading_ The elevation and azimuth angles obtained from

the ground-statlen antenna steering data were plot+ed on polar scales

so that an approximate representation of the celestial sphere over the
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trackin_ station is obtained. Periods of fading and no fading were noted

on the elevation angle vs azimuth plots to produce Figures ll and 12. The

localization of occurrences of fading in particular regions of the

celestial sphere is immediately apparent. The magnetic latitude of a

point at a fixed height on the line-of-sight from a given ground station

is Just a function of the elevation angle and azimuth. Contours for the

magnetic latitude of the line-of-sight at 300 _ were computed from the

relations given in the Appendix and plotted in Figures ll and 12. The

localization of fading occurrences in particular regions of the ionos-

phere between magnetic latitudes 15° and 25° is definitely suggested

by the results presented for fading at both Hawaii and Singapore.

The associations of the fading with the early evening hours suggestad

the possibility of comparing the time of sunset in the ionosphere with

the time of observation. Using the relations given in the Appendix,

the time of sunset tss, at the 300 km elevation was computed for the

line-of-sight from station to satellite at the time of fading onset for

representative days at Hawaii and Singapore. The difference between the

time of observation tobs, and the sunset time is defined as

At: At --tobs - tss, this At was plotted versus the magnetic latitude of

the line-of-sight at 300 km at time of onset; the result is given in

Figure 13. The points which had a negative _t represent very brief

periods of fading which are similar in severity to other occurrences

of fading, but of only 1 to 2 minutes in duration; these sporadic

events occurred but rarely. All occurrences of long term fading, at
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onse% had positive _t's. For several day_ which exnlbited inter-

mittent fadlng_ _t'_ and magnetic latitudes were computed for times

during the tracking period after the onset, The resulting traces

showing periods of fading were also plotted on Fibre lJ_ The inference

might be drawn that a _ultable magnetic latitude and _t are necessary

but not sufficient condltlon_ for the occurrence of fading_

144



llI. THEORETICAL CONSIDR_ATIONS REGARDING THE FADING

The results of the d_ta analysis indicate that a possible mechanism

for the generation of this fading might be scattering from inhomogeneities

in the electron density distribution in the ionosphere. An alternative

possibility might be multipath propagation, or ray bending. However, one

would expect a correlation between velocity of the raypath through the

medium and fading frequency for multipath propagation;a correlation

which was found absent.

The question thus arises as to whether scattering of the electro-

magnetic signal might reasor_bly produce signal losses of the magnitude

observed. Gordon (1953) has considered the scattering of radio waves

by a turbulent medium. His results show that for media in which the

scale length, _, of the turbulence is much greater than the wavelength of

the signal, the beam angle of the scattered power is smaller than the

ratio of wavelength to scale length: most of the scattered signal is

scattered into a small forward angle. Using this result, the following

simplified model might provide reasonably realistic results. Let a

radio source radiate isotropically at frequency, f, at a large distance

from a receiving antenna with large beam width through an isotropically

turbulent medium whose dielectric constant's mean square fractional devia= 2

tion is (_E} 2

r

and osecorrelation ctionisaas edtobep(r)e{ l

(There is no other a priori reason for assuming such a media than the

convenience and the reasonableness of the assumptions, since no data

seems available regarding the correlation fUnction in the ionosphere.

For this model, Gordon gives the power scattered per unit solid angle

per unit incident power-density per unit volume, s, as:
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(-'E--) 7 .. sin 3 _,e h _)

where S = 2_, is the angle between the incident electric field vector

and the scattering direction, and @ is the angle between the incident

direction of propagation and the scattering dlrmetion.

The power scattered out of the beam per unit volume can be obtained

in a straightforward fashion from (1). Noting that for

dI
S

_ ioVr-,_[ :

where dis is the scattered power in the solid angle_ ; io is the

incident power density on the volume V. Then for a Bpherical coordinate

system (r, @, _) centered on the scattering volume:

and

see Figure 14.

-)
E

(i)

(2)

(3)

(4)

\

V

Figure 14. Scattering angles of model.
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Substituting (2), (3) and (h) in (1), and utilizing sin2@_ 1 - cos @
2

produces: 2
S

dls V_ _E 2 S 3 2A_ ( s_K-V = B- (V) (__) e (i - sln 2 @ cos 2 ¢1 sin 9 exp

o A s2

For convenience let _ (A) = _ (____)_E,2 (_)3 _e- 2-_;

i V - _ (_ )(I - sin2@ cos 2) sin @ e
O

then we have,

dgd_ .

cos
@> d@dO

(_)

To find the total power, scattered out of the beam by volume V, Is(O),

Eq. (5) is integrated for OT@2_, 0_2, and performing the

integration immediately gives

2

s - _(A) " /o (2 sin O - sin2O) eiV
O

d@ .

Letting cos @ = x, Eq. (_) transforms easily to

(o)
S

iV
0

1

= XCA). --(e -11+
s

2 02

For the case where _ << s, by neglecting terms of order (s_) 4

higher, (7) becomes directly:

and

Is(°) .3/2 AE 2

(6)

(7)

(7')
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To find the power scattered into the antenm_beam of beamwidth B,

consider the power scattered into the antenna by a dlsc-shaped volume

centered on the line-of-sigjat of thickness dR at distance R from the

antenna and radius R sec _.,

R

Figure 15. Scattering volume in ionosphere.

An increment of volume dV(_,_) thus becomes

dV = R tan Gd_R'dB sec _dR = R2 tan_ d_dR

cos2_

If the area of receiving antenna is a, then the solid augle subtended

a cos 3by the antenna from the increment of volume is_' =

R2
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(i)
The power scattered into the antenna by the increment of volume, dl s ,

becomes

d_s(i) = dV/l' : R 2 tan_ du_dR a cos 3

io cos2_ R 2
= as sin _ d_d_

Since u = _, _ = @, Eq. (i) gives:

dZ (i)
s

i
o

--= a_ (_)(I - sln2 _ cos 2 5) sin _e _ _ )2c°s _
du_dR

Noting the similarity of (8) to (5) and (6), (9) follows easily:

cos
dis-- = a _(_) ._ (zsin_ - mln3 _)

io
¢e

(8)

(9)

The integration follows immediately from (7);neglecting terms higher

C_)z s_.2 B
(_)2,. - _ _ Eq. (9)than and noting that e _ 0 unless B "_ s '

becomes

=a- s dR . (lo)

For a thick inhomogeneous layer s multiple scattering effects

must predomi_ate, a fact which renders somewhat deubtfultheprevious

results which implicitly assume single scattering. Correction for

multiple scattering may be partially achieved by also considering

the incident power upon a volume as that which has already been

dlminishedby scattering in the media between the volume under

consideration and the transmitter.
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(o)
Thus, for the power scattered out of the beam, Is , from 7', we

have:

(o) _3/2
Is - 2 io(R)V (_---A)2-

A2

and for a small section of a nearly cylindrlca£ beam of radius p and

thickness dR:

i (R)
(R)- o V _p2dR

i° _"0 2 ' =

So Eq. (ii) becomes:

_3/Z ,_2 s

dZs(°)CR)_-.ZoCR)-_- dR _--_--j-_ ,

and since

dT (R) _3/z _ 2
._( )alsC°)(R.)= - dloCR), -- 2 q-

is I then
Thus, if the intensity at R° o

*exp [-_3/2 _)2 s
lo(R ) = io _ ( -_ (R° - R)],

Io(R ) = I° exp [- 2 -_) 7 (R° "

R_>RI;RO -

S
m dR

where R is the distance from the receiving antenna to the top of the
O

scattering region and R1 is the distance to the bottom.

The signal scattered into the beam must also be subject to multiple

scattering. Equation (i0) should therefore be written:

(1) = a _3/2 s ( ) io(R' ) dR'

dls T

(ll)

(12)

(13)

,(:_)

(I0 ')
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For the sm_ll range of P which contribute significantly to the scattered

power the path length R' is very closely equal to R and so, noting that

a io(Ro) = I° ,

exp - ( _--- - R)
X2(Ro

In addition, the power scattered into the beam will also be scattered out

of the beam again so that for small 6,

(1)(R) (R - Ro)j dl
]

(1)(R)
dls --e_p - ( )2-_W_ s

t I"
From (iO"), (15) and _lu), the power scattered into the antenna beam and

received is A- 2 R_

(_) _ _FlVdRis(1)(_)--Io*-W-_3/2_2(-cJs_-_.2e- --C -_W (Ro- _l)

I* _3/2 _ . (___!)2 s

o ____(_)2 (R°'Rl_ )e _ V (R°'RI)

Let

/2 (_)2

The power received at the antenna is the sum of the unscattered direct

signal plus the scattered received signal; summlng (14) and (17) gives:

. -_(so - Rl) . -_(Ro - _)
Irec = I° e + i°_(R° -5) e

: IO*e-_c_)cRO " _) [i + _(_)(R O - RI) I •

To obtain numerical estimates (-_-) must be estlm_ted. For am
2

isotroplc medium with angular plasma frequency of _o, g = 1 - (__h) ;

(15)

(_6)

(17)

(18)

(19)

151



from which
:._ p ¢ 2 2 2

2
Now letting N = elect.ton density and noting that N_ then letting

P

p,A2
= P = _p is obtaine_o Hence, _-_-) = ((o) P with the

assumption t._at ,_p-_< _ which for VHF prcpagation in the ionosphere

is quite reasonable° From Eq. (18) then; letting % equal t2:epla_a frequency,

'%

p(f) = x5/2_ (%)2fpf)2, p-_

Leaving the Justification to later, let _ = ikm_ f = 15 mc, P = o01

for the purpose of estimating _o If these numbers are substituted into

(23)_ p(378 mc) = 6°73 x lO "3 k_ "l, _(I08 mc) = 8.L5 x I0 °2 km'lo Using

R° - Rl_lO0 km, a_ an ex_m_le,, from (19)the dec!bel_ of signal re-

duction at 108 mc is fourld to be Dblo _ = - Z6.9_ for 378 mc _b378 - 0°76°

By way of _ustifying the ntm,erica! val'aes us_% Wrigk=t (1960) shows

that a region of the F layer_ _zLch co_!_orms -=_--._...__=_closely with the

region in which fadir_ was enco_Autered in this study_ in the early

evening hour_ develops _ high electron density corresponding to a plasma

frequency of approxlm_%ely 20 mCo This region cf high, electron density

seems to extend rather far above the F2 layer peak_ according to Wright_

and the value of lO0 km for R ° - R1 does not seem to conflict with

Wri@ht's result_ Several investigators, Ratcliffe (1960) among them,

have estimated the scale length for irregularities in the F layer to be

approximately 1 km or somewhat greater. P = .01 represents a 1% variation

in the electron density; althou_; such a figure has been used by other

(z3)
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investigators, there seems to be little empirical Justification for this

value and hence this figure is used in this analysis purely by way of

illustrating the effects of a small variation.

Although the rather primitive model suggested above seems to predict

si_ fluctuations of the correct order of magnitude, the question might

be raised as to it_ alTplicab_llty since no considerations of phase are

included end hence the possibility of constructive and destructive inter-

ference is not included in the model° The following examination of the

relative phase between the direct and scattered signal indicates that the

phase difference is sufficiently small to be neglected in this model.

First note that in this model the scattered signal received at the

scattering effects have been included. Referring to Figure 16, _here

WW' is the plane wavefront, R is the distance the direct ray tr_Is,

i'is the distance the scattered wave travels_ the scattering blob is
l

_proximated by the sphere of radius "_2 _ it is apparent that the phase
/

Figure 16.

W W'

R

@

!

Scattering dlagrsm for phase calculations.
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of the scattered signal relative to the direct signal will be altered by

two prccesses_ i) Tb.e signal propagates through a l_.nger raypath,

_) The s!gr_a" £.nas,evelocity is aite=ed by propaga._ing tFz°o_gh the

biob of different, dielectric constant_. For' the cage under consideration,

[_s_ from th_ ......_""_a't_t''........=__g cro,-_ssection it is obvious _,hat significant

power is _ -- £ o
c,n_o7 scattered f'.<_@ _

R'(1 o_) _ _o-_R_ _R = R=R'

inpha e is 2& A
- _ 8 S

Kow R' cos @ : R and ,_" •_nce 9-=-= 13

0,2 @2 R 2_
-_- ° R 2_ _ 2- (-_-) " __T_echange

o At 108 mc, _ = 3m and using

_.e phase change for the wave in passing throughthe blob is apprexi-

matelg

-
'3

w.h_::ex _s the dlstar:ce traveled tD_ough the blob and _n is the average

d_ffez._:,_cein the refractive index between the biob and the medlum_

03 tl_

2

An= o½_

For

CO CO

-- C 60

Eq._,atie_:(__16)upon using _= i km_ f = 15 mc, f = 108 me; and P = I0 "2
P

gives A@ = o03, _.h,_.=conclusion seems to present itself that for

thi._ model of the signal scattering process and other models similar to

it that phase changes w,_l contribute relatively insignificantly to

ig.._a,lstrength f,_I__._at_.ons_

(,<_)

(_6]
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IVo PIONEER V SIGNAL FADING INVESTIGATION

As a continuation of the investigation of sig_%l fading from the

Explorer VI _atellite 3 an investigation was undertaken of the signal

strength records from the Pioneer V telemetry transmission__o A

qaalitative sampling was first taken cf the available records and

extremely rapid fluctuations were found to be pre'calent th_oug_out

much of the tracking history and especially during the latter s_ges

of the- tracking, The rate of these cscillatioos wa_ a great deal

faster than was observed during the K%plorer VI t..racking;however_

no calibration data was found in the first sampling so no judgment

could be made regarding the amplitude of +_hese fluctuations_ and

hence their nature°

A scarab. _as then conluct_ for sigr_l strength calibration_ in

the Picneer V data. The calibration data was f_z_. to be irregularly

_nd sparsely di_trlbuted througgh the tracking re.,_or_s_ _e available

calibrations made during the flr_t month after la:__ch were foolnd,

approximately _ or 6 calibration_ in all_ ar-d exax,!neS.. Two conclusions

were derived fr?..v.._n exami__tlon of these calibrations: l) the cali-

bration_ _d not remain% even reasor_bly regular in time so t_hat no

valid generalized ca,libz_%icn could be obtained for use in analyzing

the data accompanied by no calibrations_ 2) calibration records at

very low _ignal levels evinced the same behavior observed during

regalar trg.nsmission_; i oeo, very rapid fluctuations; and consequently

the con:lu_ion was _'awn that this rapid fluctuation wa_ in_,trument
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noise. This noise was not immediately identified as such due to the fact

that the signal-to-noise ratio was much lower than experienced with the

Explorer VI data and not until the calibration data was examined could

it be obvious that the average signal level for the Pioneer V was con-

siderably lower than the Explorer VI signal level,

The ground station crews at Manchester had occasionally reported

fading in the signal during transmissions from Pioneer V. An examination

was made of the signal strength records for the times mentioned by the

ground crews. The equipment noise was sufficiently intense to obscure

any other type of signal fluctuation on the signal strength recordings;

however, the concurrent reoordings of the automatic gain control 3 which

behaves analogously to a smoothed signal strength recording, showed

average signal level fluctuations of a minute or so in duration with the

period of these fluctuations also about a minute. The magnitude of the

signal strength reduction was with difficulty estimated to be on the

order of 2 - _ db. An attempt was made to find other occurrences of

this type of fading in order to determine if it was a possible ionos-

phere phenomena. The attempt showed that the identification of this

type of phenomenon was such a subjective activity due to the high

noise level and small signal strength change that the validity of

the results of such an investigation would be highly questionable.

In addition, recorded occurrences of instrumental difficulty were

found to resemble this "fading". Since nothing but data of question-

able wlidity could be obtained, the investigation was terminated.
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V. CONCLUSION

As a result of the investigation of signal strength fadir_ at

108 mc several concluslon,_ seem indicated° There seems to be little

doubt t__at the strength of the sigp_l received from Explorer VI at

the E_wali and Singapore g.-ound stations actually showed _ariations

in intensity which are attributable to other factor_ than po_slble

equipment difficulties: the consistent occua_rences of the fading

in time and place as well as the geo_,p__ic di_trlbution cf occur-

rences of fading at both Singapore arid Hawaii render any explarmtlon

_sed or_ man-made phenome_%a at the groand s+_tion extremely difficult

to sustain_ and satellite transmitter lifficultie_ seem tz be ellml-

hated as a possible ca_e by the observation of sigmal fa,ltng at one

station s_altaneously with regular tran_mi_slon to another station°

The rather peculiar lccalizatlon of the fa.ling occ_rrences in a

particular region of magnetic latitude for both northern and southern

hemispheres sem_s *o indicate some relationshil __t_ the ionosphere,

This indication is further substantiated by the fact that occurrences

of fading are lo_alized in a portion of the ionosphere which Wrig.ht

has already described as _vlng an unusually hi__h electron density

during the earlF evening hours° The fact that except for brief

periods of fadiD_ of from 1 _ 2 minutes duration all fading began

and continued after the local sunset in the portion of the io_ms-

phere propagating the signal indicates that the causal phenomenon

in the ionospher_ _ beg -ins shortly before or at local _r_seto
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An admittedly crude theoretical model which considers the fading

as due to scattering by an irregular distribution of electrons in this

high electron density belt indicates that fading of the severity ob-

served could well be expected from such a process. Since the model used

predicts only minor changes in phase, the most likely explanation for

the fluctuations in signal level under this model would be statistical

changes in the number of irregularities encountered by the signal propa-

gating through the medium. Such random changes might result from:

l) the movement of the ray through the ionosphere, i.e., the motion

of the source through the skyl 2) the movement of the ionosphere

through the ray, ioeo3 ionospheric winds; 3) The processes creating

the irregularities might have time constants brief enough to cause

sufficiently rapid temporal variations in the medium. Since no corre-

lation was found between the frequency of fading and the velocity of

the ray through the ionosphere, the latter two effects seem to be the

most likely explanations for rapid signal level fluctuations for

processes similar to this model.

The observations of signal strength fading at 108 mc all seem to

be compatible with a model of the ionosphere which postulates a region

of high electron density which is maintained by a process which shows

a diurnal cycle; after local sunset, irregularities, or blobs, appear

in the electron density distribution; a VHF signal propagating through

the ionosphere during this time scatters a sufficiently large portion

of its energy from the blobs as to suffer :attenuationon_the order

of 20 decibels.



The occurrences of signal strength fluctuation at B78mc are

unfortunately too sparse to provide a definitive description of any UI_

fading. The fact that the UHFsignal fluctuations occurred only when

the VHFsignal was fading, lends credence to the belief that the UHF

fluctuations are also associated with an ionospheric phenomenon. The

data is too scarce to more than indicate the possibility of some ionos-

pheric phenomenon producing fading at UHF. The mxplanatlon suggested

for the VHF fading is cles_ly not applicable to the UHF o_currences since

the model of scattering used predicts that an ionosphere that would

produce the observed level of scattering at UHF would cause the VHF

signal to be completely lost; a prediction at variance with the

observations. The possibility does exist that some sort of multipath

phenomenon might account for the UHF fluctuations since some form of

multipath phenomenon is perhaps suggested by the preliminary slow

fading noted in the VHF fading. The occurrences of UHF _ignal

fluctuation are not sufficiently numerous or substantiated to pro-

vide a basis for a more detailed investigation or explanation°
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APPENDIX

In studies of the ionosphere it is quite often useful to know the

magnetic latitude _m of the point at which a straight line (line-of-

sight) with given elevation angle E and axlmuth angle A directed from

a point of known latitude #gs and longitude A s on the earth's sur-

face attains a given height, h, above the earth.

Consider, first, the following set of spherical triangles (Figure I)

in which we shall let P represent the geographic north pole, M the mag-

netic north pole, T the known _ and _gs; S is now the radial pro-

Jection onto the earth's surface of the point whose magnetic latitude

is desired. Hence MS is now the desired magnetic latitude and from

P S

T

Figure i.
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the cosine law of spherical trigonometry

cos _ = cos _ cos T_ + sin _ sin TS costS

similarly Mr may be found from

cos _ = cos PY cos PM + sin PT sin PM cos/TPM .

Now _MTS = A -LPTM and from the sine law

sin IPTM sin LTPM

sin_ = "slnq_

The arc length TS now only needs to be found and that may be easily

derived by considering Figure 2, where the line TQ is tangent to the

circle at point T. By plane trigonometry, we have

h Q

T

Figure 2.
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R+h R

_in(_+ E) sin (_" T"S _ E)

or T%=°°_1[ R-a-c°sR+hE] E

Letting the latitude and longitude of the north magnetic pole be _gm'

respectively, we can identify _ = _-" _gs, "-'PM= _--- _gm2

_TPM = _s - hm, _ = mag. colatitude of point T and angle PTM as

the direction of magnetic north from point T.

Thus, we have

sin
m

= cos MT cos TS - sin MT sin TS cos /MrS

where

oo__ _o _oo_o__oo_{_ooo_oo_(_ _.)
E] -ET_ = COS -I [R + h cos

LMTS = A- sin "I [co__o_n_"_oI(_o-_m)

Note that hs' hm are measured in west longitude and the azimuth

is measured towards the east from north.

Another quantity of interest in ionospheric studies is the

time of sunset, tss , of a point at height h above a point of

known latitude and longitude.

Consider Figure 3; let P and P' be the north and south poles of

the earth, respectively; let T be the point of known latitude and

longitude; let S be the point of intersection with the earth's surface

of the line directed from the earth's center to the solar center at

time tss. EBA represents the equator and PAP' represents the prime
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meridian; DCF represents the sunset line on the earth at time tss.

represents the great circle from T to S. We immediately note that 4APT

is the west longitude of T and BT is the latitude of T; also SE, and

consequently _--_ is the apparent declination of the sun, a.

P

__i_ ..I-_ \_i "_"

p'

Figure 3.

Letting _ represent the angular rate of the earth, we have:

tss = Z APE_ _ /APB m+ Z BPE . For simplicity, let the west longitude

z _,__ _o;lett_ latlt_de_ b__, an_letLB_ --;_i" Now A°

is known and the cosine law gives
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cos ST = cos SP cos PT + sin SP sin PT cos _BPE

Arc lengths SP and SC are obviously _ . SP is thus _ + a. A cross

section through SCT and the center of the earth resemblc_ Fi_Ire 2_

-1 R

with E = O. Thus CT = cos R + h ' where R is the earth's radius.

ST immediately follows as _ + CT. Eq. (1), letting CT_8, becomes:

° _ sin(_- ) cos,cos(_ + _ ) = cos(_ + _) cos(_- 1 ) + _in(_ + _) 1

and solving easily for _l:

cos A = tan _ tan 4- sin
1 cos _ cos 1

and

t m

SS tO

h I + A °
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CHAPTER V

SATELLITE SIGNAL FLUCTUATION CAUSED

BY IONOSPHERIC IRREGULARITY

by

W. C. Meecham
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I. INTRODUCTION

We shall be concerned here with the fluctuations in signal strength

observed in signals received from the satellite Explorer VI. The launch date

for this satellite (with the international designation 1959 8) was August 7,

1959. The orbit was quite eccentric with a perigee of ll5 miles and an apogee

of 24,618 miles giving a period of about 754 minutes. The apogee appeared on the night

side oI" the earth. Two signals of importance here were transmitted from the

satellite; one, VHF, from a transmitter operating at about 108 megacycles on

a power of 500 milliwatts, the other, UHF, at about 378 megacycles on a

are interested here in the two receiving stations located at Hawaii and

Singapore. At these stations signals were received and recorded at intervals

from August to October. At Hawaii two different reception systems were

employed for the most part a parabolic reflector with a dipole element was

used. A system of 16 helical end fire antennas was also available. These

were arranged in groups of four, each group located on the corner of a square

with dimension order of a few hundred meters. Although this latter system was

well suited to phase fluctuation measurements, it was little used because

of its lower gain. At Singapore one group of four helical end fire arrays

was available and used. The helical arrays of course had the advantage (or

disadvantage) that they did not register polarization effects. The communication

system had a phase lock and most of the information was carried by frequency

modulation. We shall limit attention to the fluctuation in signal strength,

ignoring all 'other characteristics. At times the signal fluctuation was so

great that the signal dropped out of lock and was lost.
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The general characteristics of the signal f!uctua±Aon are as follows.

First the fluctuation was moderate amounting to a few db until some time in

the evening. This fluctuation was due mainly to satellite rotation. Then over

a period of a few minutes there was a marked increase in the level of the

fluctuation until its extreme values, peak to peak, were i0 to 15 db. This

large fluctuation lasted throughout the night° Sometime about sunrise the

fluctuation again decreased to its daytime value. The diurnal effect was

observed at both equatorial stations. The amount of fluctuation was considerably

greater for VEF (the lower frequency) than for UHF. A sample record is reproduced

in Figure io Further it has been found that the fluctuation was greater for

signals which propagated through regions some i0 or 15 degrees north or south

of the magnetic equator° For a more detailed description of the experiment

as well as of some of the characteristics of the fluctuation see a report by

i
Gore o

2

A possible explanation for the signal fluctuation is the following_

Due to the changing electron density as one passes through the ionosphere,

an electromagnetic ray will be refracted° At certain angles, predominantly

near grazing incidence, there may be two (or more) rays connecting the

satellite source and the receiver located on the earth's surface° These rays

would have fluctuating phase, due to the fluctuating electron densities in

the ionosphere, and consequently the received signal would fluctuate. The

process is usua!]_ in,own as a multipath phenomena. This explanation is rejected

for the follow_ng reasons, among others. First, the phenomena would not appear

for rays significantly above the horizon, which is not observed to be the cause°

Secondly, the amplitude probability distribution, assuming the two rays of
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nearly the same amplitude, would be very far from the modified Rayleigh

distribution which is observed. Of course one might propose that the

amplitudes of the rays also fluctuate. But then this theory merely begs the

question, for if the amplitudes fluctuate significantly a multipath process

is not required. Indeed one is left with the problem of explaining that

fluctuation.

It is proposed here that the cause of the signal fluctuation is the

same as that presumed to cause the fluctuation in signal strength from radio

stars, namely the fluctuation is caused by fluctuations in electron density

Jn the ionosphere., It seems reasonable to suppose that the most. important

fluctuations occur where the electron density is the highest, the F-layer

at levels of from 200 to 500 km. 3 In the next section the theory of such signal

fluctuations is reviewed°

In Section III the data treatment is discussed° In this work three

characteristics of the d_a have been calculated, The autocorrelation

function of the s_.gnal amplitude for selected segments of the s_.gnal record

Js presented° Secondly the F. T. (Fourier Transform) of the autocorrelat_.on

function, the powerspectrum function, has been computed for the same signal

records° Thirdly the amplitude probability density funct.Jon has been obtained°

Finally the major conclusions and suggestions for future work are presented

_n Section IV,

II. REVIEW OF THEORY

The theory of the fluctuations in signals produced when propagation

occurs Jn a randomly J.nhomogeneous medium has been presented elsewhere o4-7

The salient characteristics and results of this theory will be reviewed here.

8
The treatment Js for a scalar field.
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A standard problem to be considered is the following. We are given

a point source at a single frequency w defining a propagation constant
O

where c is the velocity of propagation. Then the equation to be
k -- w°O /Co O

solved is

 stlr)i olr,r)+ Gst (r, T_) } = 8(r- ro) (i)

where Ust gives the fluctuation in the medium and Gst gives the fluctuation

in the Green's function (point source so]ution) and G is the average Green's
o

function. We suppose

< Ust > = <Gst > = O. (2)

To proceed with the solution we first put all terms of (i) on the R_ S. (right

side) except (_2 + k_) Gst. Then treating the R° S. as a source and using

the Green's function for this operator, the problem of finding Gst is

formulated as an integral equation. Next we assume that the fluctuation

Ust is small, and save lower order terms. It is emphasized that we in this way

obtain only the lowest order solution for the Green's funct_on_ After averaging,

the equation for G is found to be,
O

(v 2 + Jo) %
k 4 ik ° (r_ - r' )

of)÷_ _, e(___,) Oo(-_', _o) H (_- __:) = 5(__- _,o) (_)

where

H([-- [') _ <Ust([' ) Ust(E ) >
(4)

is the correlation function of the medium fluctuation, which is assumed to

be statistically homogeneous° We then take the F. T. of (3) and in this way
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find for G
o

iSolr_- r_oi
i e

C'-o(_- _o) = - _ I__- _ol

where

S _" k +
O o

with

p 2k

h(k)theF.T.or i.

For a specific example we now suppose a Gaussian correlation H,

(5)

2 2

H(R) =. A2e "P /a (6)

p
where A- gives the mean square of the amplitude of the fluctuation and a

Js the correlation length. We find from _his example that the attenuation,

{ ), _s proportional to _(_)i/2 k2 A2a f°r high frequencies (ko a >> I)oIm so _

and to k4 A2a _ for low frequencies (k 8 a << i)_ We shall be interested
o o

here Jn the high frequency result. It is worth emphasizing that in either

frequency range only the largest scale irregularities are important.

Before proceeding with a discussion of the statistical characteristics

of the signal amplitude, we shall estimate from the above results the amount

of noise to be expected on satellite signals. The inhomogeneity responsible

for the signal fluctuation is most probably the variation in electron dens_y

in the F layer° We begin by briefly reviewing the electromagnetic propagation

characteristics of ionized media. Magnetic field effects will be neglected.

For large frequencies it is well-known that the index of refraction is given

by,
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2
W

_- l___
2

W

(6a)

where

2 -4_e 2 2 Z_n

p m (no + _ n) _ Wpo (1 + B-- )
O

(6b)

with n the average electron density and
O

to (1) where we note

2
n1 + Ust

we see
2

2 w 2

k2 - _(1--2£) _ _o 2 2
e w c

_u its fluctuation. Then referring

(6c)

(6d)

the last relation holding for high frequencies, we see

4_e 2

Ust = -- _ Zku ,
mw

2
W

_ po An
2 n

W O

thus

A2 4._e2 2 An2
-- < >,

2
mw

= __
W

(6_.)

(6f)

6g)

6h)

Now we refer to the result for the attenuation of the coherent beam

given in (5) and (6). Further, it is remarked that the square of the noise

]
field plus the square of the coherent beam must fall off like -_- since

r

the total energy is conserved. Then for high frequencies (koa >> 1), we have
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2
E
n 1 2 ]z - _ jr_ r I

= (4-_---) I [ ro] 2 (--2)Imlr O _o'

1/2 k2o A2 a

_ -_ I_-_ol '

(6i)

with E2 the mean square noise at I_ - _oI and E2 the corresponding
n no

quantity at unit distance. The coherent signal is given by

o [ {}r r,]
I 2 i ]2 i + 2 Im so -_2 (_-_--) I_ -

(6j)

The results are given to lowest order only. For the problem under

consideration here the source is usually located outside the ionized medium.

The signal will be presumed to traverse a path length L in the inhomogeneous

medium° Then the factors I_ - _oI in the numerators of (6i) and (6j) should

be replaced by L. The fraction of noise (energy) to coherent signal is given

by

p _ 1/2 2
N- _ No_se Energy k A2a L

S2 Signal Energy _ o

(6k)

valid when small. Now substituting from (6g) and (6h) we see

N 2

S2 lj2()2n' 4_e 2 Z_n2-- a< >L

c2 mw4

4

(6m)
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From (6_) we see the interesting result that the noise to signal is

inversely proportional to the frequency squared and directly proportional

to
L

< ZS-",_2 > L : r (zsn) 2 dx

o

where the integral covers the path through the inhomogeneous medium. We

may reasonably extend this result to allow the possibil_ty that Zkn changes

as a function of position, provided the change is slight in a ddst_nce a .

It is emphasized from (6_) that _/_ is proportional to the actual

electron density fluctuation, not the relative fluctuation.

We consider as an example, propagation of _ through the _on-

osphere. Suppose < (_____)2> _ 10-4 and a _ 105 cm. (reasonable values from

o w

radio astronomical work); po i0-i (about right for F layer and VHF
W

2_ -i
with frequency of i00 megacyles) and using k =---- cm we find the

o 500 '

noise is of the same order as the signal for L _ 25 km. The F layer

is actually considerably thicker than this. We conclude that the large

fluctuations observed on satellite signals at VHF frequencies are quite

reasonable on the basis of a mode] based on electron density fluctuations

as described previously.

It Zs emphasized, as seen in (6_), that the noise to signal

energy falls off inversely as the frequency of the signal squared. Thus

the fluctuation of UHF is reduced by a factor of about 1/8. This is in

accord with the observation that UHF fluctuations are much smaller in general

than V}{F.

In the above way we obtain the change in the average or coherent

signal. It is seen that such changes, in this information, occur to

(6n)
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lowest order only as a result of double scatterings. The fluctuations about

this average are also of interest. These are mainly caused by single

4
scattering. To lowest order it is easily seen that the fluctuation is

given by

k2 f ikoI - iko - !

o J e ]' e , dr 'Gst(r' _o ) ---- (4_)2 Ir - r' Ust(r' ) Ir' _oi --

In the present application Ust is very small, so the scattering is mainly

in the forward direction'. Hence important elements in the integral lie

mainly on and near the line connecting r and r
-- --o

We wish now to deduce something about the distribution of Gst

If a typical single scattering event is such that the phase shift is of

order 2_ or larger, and if there are many scattering volumes between source

and receiver, that is if the correlation length is small compared with the

length of path through the inhomogeneous medium, Gst is obtained as the

result of a random walk in two dimensions (in the complex plane). Futher

phase shift of order 2_ means that the individual contributions are

statistically independent.

real and imaginary parts.

scattering is smaller than

Hence Gst has a Gaussian distribution for its

On the other hand if the phase shift at a single

2_ the scattered signal will be correlated with

the average signal. One sees an interesting characteristic of the phase shift

of the single scattered contribution from (7). For all elements on the line

from source to receiver, the phase shift is either 0 or _ , depending on the

result of the integral over Ust. The signal amplitude would then be Gaussian

about the average signal. This is to be compared with the modified Rayleigh

expected when both the real and imaginary parts of the scattered signal are

(7)
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Gaussian distributed. To see that the phase shift is 0 or _ note that

the phase of the coherent wave is except for a fixed sign, given by

regardless-of the value of r'_ if r' lies on the source-receiver line.

These are complications which, after more experimental evidence is in, could

bear some theoretical investigation.

We turn now to the amplitude probability distribution for the

received signal, composed of an average signal with a noise signal super-

imposed. We consider here the sum of a constant........._vp_g_ _=_]o.... plus a r_ndom

noise signal, assumed to have a Oaussian distribution,

1 -A2/a2
P = -- e

n 2
(8)

where P A dA d8 is the probability the noise signal has amplitude in the
n n n n

(An_ An + dan) and phase in the range (Sn_ 8n + d 8n). Let the averagerange

signal have amplitude A . We wish the probability d_stribution of the
o

amplitude of the sum of the average signal plus the noise° This is easily

9
found to b%

_ 1 (A 2 + A2o)2 2AA

P(A) 2A a o= -_ e j (i--/-)o
a a

(9)

where A is the sum of the average signal plus noise,

order Bessel function° In the limit where the A
o

Rayleigh distribution,

and with J the zeroth
o

O, this becomes the
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2 2

P(A) _ 2 Ae-A /a

A -_oa
O

We are also interested in the moments of A. The following result is easily

i0
found,

(io)

< A _-2 > = a_-2 IFI ; i; (_)2

> 2 , integer,

(ll)

where IFI is the Kummer function (see e.g. reference in note i0, p. 86)°

From (ii) we can readily find the ratio of the standard deviation to the

average signal to the corresponding quantities,

< (A-<A>)2 >1/2
<A>

(Aola)2

g

1F1 (2; i; (Ao/a)2)
1/2

This relation can be used to deduce the ratio of signal to noise, Ao/a ,

from the measured standard deviation and the measured average signal° The

relation (12) is plotted in Figure 2.

From (i0) one sees that a is the standard deviation of the noise

signal. When the coh@rent signal A goes to zero one finds the Rayleigh
O

4 i)i/2distribution result from (12), which becomes (- -

Before closing this section, it will be helpful to discuss the

autocorrelation function and the power spectrum function. The autocorrelation

is defined,

(12)
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T

1 f A(t) A(t + _) dt<A(t) A(t +_) > = C(_) -

O

(13)

for T large. Using a well-known relation we have for the power spectrum

(3O

D(w) = 2__/ c(_) cos_ d
O

(14)

where D has the meaning,

Sin 2_ I AT(W)12D = T-_OO T-

and
T

i f -iwtAT(_) _=2-7- e
O

A(t) dt.

As remarked earlier, we shall have occasion to consider signals A containing

discrete frequencies. We let

(15)

(16)

A : A cos wt + N(t)
C

(17)

where N is the noise signal. Then it is easily seen from (13) that for large

T,

i A 2 cos w m + C(m)c (_) = _ c
Total

(_8)

with C the correlation of the noise. In such a case we expect the

correlation to become sinusoidal for large delays m. As mentioned, it will

be seen that this occurs for signals considered here.
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III. TREATMENT OF DATA

The data considered here were taken at the Hawaii station after

7 A. M. on the morning of August 18, 1959. Identification is given in

seconds after that time. The frequency was VHF in every case. We shall

designate the record taken from 1794 sec. to 1974 sec. (after 7 A. M.) as

Case I; 3354 to 5774 sec. as Case II. A few other signa)_ record segments

have been treated; the results presented here are representative.

In Figure 5 the autocorrelation function for Case I can be seen.

We note first that the time for the correlation function to fall to half

value is about a quarter second, i.e. the characteristic time for the

fluctuation is of that order. The sinusoidal variation due to the

satellite spin is clearly evident. Using the result given in (18) one fina._

upon averaging over the correlation curve an amplitude A = ll in the
c

units of the correlation function. The spin frequency is found, again

after averaging, to be about 2.67 cycles per second. This frequency _s

more readily found from the power spectrum function (see below). The

lower regular frequency, presumably due to rotation of the satellite about

another axis, can also be discerned. An accurate determination of this

frequency would require the calculation of the correlation function for

longer delay times. Nevertheless one can estimate that the frequency is

about 0.5 cps. As mentioned earlier, there is probably a third rotation

frequency present, but more calculation is required to determine it. The

calculation of the underlying autocorrelation function must be considered

unreliable when the value of the function drops much below 300 as a result

of the regular frequency contamination. The removal of such regular

variation is evidently quite desirable for this and other purposes. The

correlation function for Case II is very similar to Case I and is not

reproduced here.
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The short correlation time is interesting. Let us consider the

time which it takes the ray from the satellite to the receiver (on the

earth's surface) to cross the blob of size order one kilometer the blob

located at a presumed height of 400 km. A typical angular rate for the

indicated ray varies from about zero to a maximum of about a radian per

hour. The more rapid change occurs only when the satellite is near the

earth. The time for the ray to cross the blob is seen to be about lO sec,

This is almost two orders of magnitude too slow to explain the s_gnal

correlation time. We conclude tentatively that the signal i'luctuation

correlation time must be determined by the correlation time for the medium

fluctuation. Gore I has run correlations between the satellite angular rate

and the signal fluctuation rate (determined roughly) and found no correlation,

in keeping with these remarks.

We turn now to the power spectrum function, the Fourier Transform

of the correlation function [see (14)] The plot of th_s function is

shown mn Figure 4 for Case I. The calculation is not entirely satisfactory,

due to a spurious peak at zero frequency. We shall be mainly interested here

in the peaks in the power spectrum function, which are believed to be reliable

The most prominent of these is that arising from the spin, at aoout 2_67 cps_

The second peak expected at about 0.5 cps can be imagined at least at a

little less than that value (not so much a peak as a halt in the rate of

fall-off of the curve). There are other slight peaks which may turn out to

be interesting after further computation. For instance there is an

indication at 3/4 cps, 2 cps, and some which may or may not he reliable at

higher frequencies. To check on the persistance of these other peaks, the

spectrtun function for Case II has been presented in Figure 5. Aside from
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the expected spin frequency we see more evidence of a peak at a little less

than 0.5 cps (perhaps the other rotation) almost nothing at 3/4 cps,

nothing at 2 cps and the higher frequency peaks have shifted in value. In

the half hour or so of elapsed time between the two calculations, it is

seen that the peaks, other than those due to rotation, have shifted. These

peaks offer the intriguing possibility that there are discrete frequency

waves in the ionosphere, whose frequencies change in times of order 1/2 hour.

Of course we must allow the possibility that they are merely random fluctuations

in the data° Again further calculations investigating these possibilities would

be extremely interesting.

We turn now to the results for the probability distribution of the

amplitude of the signal. In Figure 6 the result for Case I is given. The

circles give the computed vaffue of the amplitude distribution as obtained

from the data. The crosses were obtained from the modified Rayleigh

distribution. The value of a/R o needed to determine the extent of the

modification (see Section II) was obtained as follows. First the value

of the ratio of the standard deviation to the mean was taken as calculated

from the data; in this case that was found to be 0.28. Then a/R ° was found

from Figure 2 to be 0.44. This value was used to make the plot shown in

Figure 6. As mentioned above, the distribution taken from the data Js more

peaked than the best theoretical distribution, indicating a possible

correlation between the noise and the coherent signal, due to phase correlation

between the scattered signal and the coherent (or average) signal. Again as

has Oeen remarked, the sinusoidal signals would be expected to flatten the

distribution. The values for a/R ° for various times in seconds after 7 A. M.

on August 8, are given in Table I.
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I 0

TABLE I

Data

Time Standard Deviation/Mean a/R °

1794 - 1974 0.28 0.44

2274 - 2334 0.274 0.41

2394 - 3054 0.258 0.37

3174 - 3234 0.455 0.96

II. 3354 - 3774 0.267 0.40

190

It is difficult to say what is the origin of the large amount of noise

observed in the record starting at 3174 seconds. Possibly it is spurious,

although there is no real evidence of this. Possibly the ray from

satellite to earth was at this time passing through a particularly disturbed

region of the ionosphere. Such clouds of disturbance have been reported in

the radio astronomical literature.

IV. CONCLUSION

The problem of the determination of the cause of the ionospheric

disturbances responsible for the signal fluctuations discussed above is

a very interesting one. It is possible that these disturbances and the

corresponding radio astronomical ones are similar. Differences should

however be pointed out. First the periods for astronomical fluctuations

are most often reported as minutes, rather than fractions of a second

as discussed. Perhaps even more important astronomical fluctuations are

usually much smaller than we see here. Possibly this is due to the fact

that most such observations are taken at more northerly latitudes. It is

known that electron densities at these geographical locations are lower



than nearer the equator, ll Howeverone of the major outstanding problems

for radio astronomers is the cause of the signal fluctuations which they

observe. It has been suggested that the cause may be ionospheric

turbulence.12 Unfortunately the Reynold's number in the F layer is far

too low, due to the very low density, to expect instabilities and resulting

turbulence° In fact experiments15 involving visual observation of trails

left by rockets showthat the ionosphere is laminar at altitudes above about

100 miles, the transition occurring quite suddenly. Booker's turbulence

suggestion 12 involves regions below the F layer (presumably below lO0 miles)

in order to meet _i___d__.._.. _'_ *_^_ u_= i= _e_

densities which are very small.

If one rejects turbulence, the question of what other mechanisms

are available remains. There is the possibility that acoustic type waves

(mechanically coupled waves) excited by Alfven waves generated at great

distances from the earth, and presumably arriving from the night side only,

mayprovide an explanation. Howeverthere are difficulties, perhaps

explainable, such as the expected high attenuation of such waves, in the

interesting regions of the ionosphere. Muchmore work needs to be done,

along the lines suggested in earlier parts of this report, before the

basic ionospheric mechanismcan be said to be determined.

Before closing it should be remarked that satellite signal
14

fluctuations have been found by other investigators• Their conclusions

concerning the nighttime occurrence and latitude dependence are in general

in keeping with those of this report.
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